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Abstract 

Hemp-lime composites (HLCs) are increasingly used in sustainable building 

envelopes because they combine bio-based insulation, moisture buffering, and carbon 

storage. Their wider use is nevertheless limited by modest thermal energy storage 

capacity. This thesis addresses that limitation by integrating shape-stabilised, bio-derived 

phase change materials (PCMs) into HLC to increase latent heat storage while retaining 

the hygrothermal functions required for building-envelope applications. 

The scientific contribution of this work is to link PCM-impregnated hemp-shiv 

characterisation, binder design, composite performance, and envelope-scale modelling 

within one PCM-HLC framework. Unlike previous studies that mainly examined isolated 

PCM additions, this thesis generates new knowledge on how hemp-shiv size, high PCM 

substitution, SCM-modified binders, casting direction, specimen scale, and multilayer 

wall configuration jointly governs PCM-HLC performance. Material characterisation 

showed that smaller hemp shiv increased capillary entrapment and enabled PCM 

substitution levels of up to 70% under the tested preparation route. To support this high 

loading, the study developed a binder design incorporating supplementary cementitious 

materials (SCMs). Silica fume and metakaolin improved the hemp-binder interface and 

reduced mass loss to below 0.5%, indicating that the cohesive mix design can maintain 

composite stability during testing and operation. 

Comprehensive characterisation of the 70% PCM-HLC revealed a clear multi-

criteria performance trade-off. Specific heat capacity increased by up to 80% during 

phase transition, and baseline sensible heat capacity increased by 60%. These gains were 

accompanied by matrix densification to 796 kg/m³, a reduction in compressive strength to 

0.18 MPa, and a 66% decrease in moisture buffering value. Even with these reductions, 

the composite retained sufficient strength for non-load-bearing insulation and remained 

within the Nordtest Good to Excellent moisture-buffering classifications. 
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To translate the material findings into building-envelope design, the thesis 

proposed and numerically optimised a multilayer PCM-HLC sandwich panel for cold 

climates using finite-volume simulations. The analysis showed that PCM effectiveness is 

strongly seasonal under the simulated Ottawa climate and the adopted HVAC control 

assumptions. A double-PCM-layer design reduced the modelled summer cooling load to 

zero for the representative summer week, but could act as a winter thermal bridge unless 

the envelope thickness reached at least 14 cm. For space-constrained applications, an 

optimised 10 cm configuration using a single interior PCM layer, an internal air-cavity 

thermal break, and exterior HLC insulation provided the most favourable balance of 

storage and resistance among the configurations tested. Under the same modelling 

conditions, this design reduced the simulated summer cooling demand to zero and 

lowered winter heating energy by 27% relative to a monolithic HLC baseline. Overall, 

the thesis advances understanding of how PCM loading, binder design, porosity, moisture 

buffering, and thermal resistance interact across material and envelope scales. It also 

establishes quantitative thresholds and design guidance for using PCM-HLC as a climate-

responsive, bio-based building-envelope material. 

 

Keywords: Hemp-lime composites; phase change materials; shape-stabilised fatty 

acids; passive thermal energy storage; bio-based concrete; hygrothermal performance; 

sustainable building envelopes. 
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1. Chapter 1: Introduction 

1.1. Background and rationale 

Thermal and hygrothermal regulation are central to building energy use, indoor 

environmental quality, and material durability. Heating, cooling, and dehumidification 

account for approximately 50% of global building energy consumption and more than 

40% of associated greenhouse gas emissions [1]. Poor regulation can also increase 

moisture-related deterioration and support microbial growth, with implications for 

occupant health [2]. These pressures have directed attention toward passive thermal 

energy storage (TES) within building envelopes [3–6]. Two material strategies are 

especially relevant: phase change materials (PCMs), which store latent heat, and hemp-

lime composites (HLCs), which provide bio-based insulation and moisture buffering. 

HLC, often referred to as hempcrete, is a promising bio-based insulation material 

because it combines carbon storage, high porosity, and moisture-buffering capacity [7–9]. 

It can attenuate indoor temperature fluctuations, but its thermal storage capacity remains 

limited compared with materials designed specifically for latent heat storage. Reported 

specific heat capacities for HLC range from 1,000 to 1,590 J/kg·K [10], with performance 

governed by dry density, hemp-to-binder ratio, and pore structure [11]. 

Integrating PCMs into HLC offers a route to envelope materials that combine 

latent heat storage, insulation, and moisture regulation. A central challenge is that PCMs 

require a stable carrier to prevent leakage in the liquid phase. Porous bio-aggregates, 

including hemp shiv, corn cob, flax, delignified wood, and biochar, have therefore been 

investigated as carriers for shape-stabilised PCMs [12–15]. Hemp shiv is particularly 

relevant because its porous structure can host PCM while retaining the low-conductivity 

and hygroscopic functions needed in HLC [7–9, 16]. 

Several binder-related challenges must be resolved before PCM-HLC can be used 

reliably. Hydrated lime (HL), when used as the sole binder, has slow setting behaviour, 

low early-age strength, and energy-intensive production [17]. Supplementary 
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cementitious materials (SCMs), including silica fume and metakaolin, can improve HLC 

properties and reduce reliance on HL [18–21]. However, the compatibility of SCM-based 

binders with high PCM incorporation remains insufficiently defined. 

Methodological variability also limits comparison across PCM-HLC studies. HLC 

properties are sensitive to compaction direction, specimen scale, and testing protocol 

[22], yet these variables are not consistently controlled. Hemp shiv properties also vary 

with growing conditions, harvest season, and processing method [23]. As a result, PCM 

incorporation, shiv morphology, binder composition, and manufacturing method interact 

within a coupled material system [24]. 

Despite its potential, PCM-HLC remains unresolved across four linked levels. 

Material properties must be characterised before composite mixing. Composite-level 

trade-offs among PCM loading, binder design, leakage resistance, strength, thermal 

storage, and moisture buffering require clearer quantification. Testing variables such as 

casting direction and specimen size must be controlled to support reproducibility. At the 

envelope level, the balance between thermal resistance and latent heat storage under cold-

climate conditions remains insufficiently understood. 

These gaps define the structure of the thesis. Objective 1 addresses raw-material 

and binder-design questions. Objective 2 examines testing variables that affect 

interpretation. Objective 3 quantifies the main composite trade-offs. Objective 4 

translates the material findings into a multilayer building-envelope design. Together, the 

objectives connect material design with envelope behaviour without treating either scale 

in isolation. 

1.2. Research objectives 

This research develops an integrated framework for designing and evaluating 

PCM-HLC for cold-climate building envelopes. Four objectives guide the thesis: 
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Objective 1. Material characterisation and mix-design development (Chapter 4): 

characterise hemp shiv and PCM-impregnated shiv, then establish how shiv size and 

binder composition influence stable PCM-HLC formation. 

Objective 2. Experimental behaviour and testing framework (Chapter 5): evaluate 

how casting direction and specimen size affect the mechanical, thermal, and moisture-

buffering response of PCM-HLC. 

Objective 3. Composite performance and trade-off analysis (Chapter 6): quantify 

how PCM substitution changes thermal storage, strength, density, and moisture-buffering 

capacity. 

Objective 4. Building-envelope performance evaluation and parametric design 

(Chapter 7): assess how PCM-HLC can be configured in a multilayer envelope to balance 

latent heat storage and thermal resistance under cold-climate conditions. 

Together, these objectives provide a coherent path from material characterisation 

to composite behaviour and envelope application. 

1.3. Contribution to the field 

This thesis contributes to sustainable building science by clarifying how PCM-

HLC can be designed, tested, and applied as a multifunctional envelope material. 

1. Material and mix-design contribution: The thesis links hemp-shiv size, PCM 

impregnation, and binder demand, providing a basis for stable high-PCM HLC 

formulations. 

2. Testing contribution: The work evaluates casting direction and specimen size as 

variables that affect interpretation of PCM-HLC mechanical and hygrothermal data. 
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3. Composite-performance contribution: The thesis maps the trade-offs between 

thermal storage, strength, density, and moisture buffering across a broad PCM 

substitution range. 

4. Envelope-design contribution: The work translates composite-level findings 

into a multilayer PCM-HLC envelope concept for cold-climate conditions. 

The central contribution is an evidence-based framework that connects hemp-shiv 

morphology, PCM loading, binder design, composite performance, and simulated 

envelope behaviour. For researchers, this framework clarifies which mechanisms remain 

observed, inferred, or hypothetical. For practitioners, it supports more targeted selection 

of PCM-HLC formulations and multilayer wall configurations. 

1.4. Outline of the thesis 

The thesis is organised into eight chapters: 

Chapter 1 introduces the research context, defines the objectives, and summarises 

the original contributions. 

Chapter 2 reviews the literature on raw-material characterisation, binder design, 

HLC casting and testing protocols, and PCM-enhanced bio-based composites. It 

identifies the research gaps that motivate the thesis. 

Chapter 3 describes the experimental and numerical methodology used 

throughout the research. 

Chapter 4 presents material characterisation and preliminary casting. It examines 

hemp-shiv morphology and evaluates feasible PCM-HLC mix designs. 

Chapter 5 examines casting direction and specimen-size effects on PCM-HLC 

mechanical and hygrothermal behaviour. 
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Chapter 6 investigates how PCM substitution affects PCM-HLC mechanical, 

thermal, and moisture-buffering properties. 

Chapter 7 develops and evaluates a multilayer PCM-HLC sandwich panel for 

cold-climate building envelopes. 

Chapter 8 summarises the main findings, discusses limitations, and proposes 

directions for future research. 

2. Chapter 2: Literature Review 

2.1. Hemp Shiv 

2.1.1. General discussion 

Hemp (Cannabis sativa L.) is cultivated for fibres and seeds, but the inner woody 

core, or hemp shiv, is often treated as a low-value by-product after fibre extraction [25–

28]. Redirecting this bio-aggregate into construction can reduce waste while supporting 

lower-carbon envelope materials [16, 29–34].  

The value of hemp shiv in HLC arises from its low bulk density, high porosity, 

thermal insulation, and moisture-buffering capacity [35]. These same features also make 

the material variable and difficult to standardise. Reported properties depend on growing 

conditions, retting, grinding, sieving, and storage, which can alter particle size, pore 

structure, and chemical composition [26, 36, 37]. 

The main unresolved issue is therefore not whether hemp shiv can function as a 

bio-aggregate, but how its variable morphology should be characterised and controlled 

when it is modified with PCM and incorporated into HLC. 
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2.1.2. Hemp shiv size effect on HLC density and compressive strength 

Hemp shiv particle size strongly influences HLC because it affects packing 

density, pore connectivity, and the binder-aggregate interface [38]. Grinding generally 

increases matrix uniformity and interfacial contact, but it also changes the natural tubular 

structure that contributes to moisture transport and thermal insulation. The range of 

hemp-shiv shapes considered in the literature is shown in Fig. 2.1. 

 

Fig. 2.1. The shape of hemp shivs [39]. 

The literature agrees that particle size influences density, but its effect on 

compressive strength remains inconsistent. Some studies report higher strength after 

reducing shiv size, whereas others show lower early-age strength or delayed strength 

development [16, 38, 40–44]. These contradictions suggest that particle size cannot be 

interpreted independently of binder chemistry, curing age, density, and compaction 

method. 

The most defensible conclusion is that no universal optimum shiv size exists for 

conventional HLC. Instead, particle-size effects depend on the balance between packing, 

carbonation, binder continuity, and pore preservation. For PCM-HLC, the additional 
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uncertainty is whether PCM filling and surface coating preserve, weaken, or reverse these 

particle-size relationships. Reported effects of hemp-shiv size on HLC density and 

compressive strength are summarised in Table 2.1. 

Table 2.1. The effect of hemp shiv size on the density and compressive strength of HLC. 

Study 
Particle-size 

comparison 

Density 

trend 

Compressive-

strength trend 
Key remark 

Bourdot et 

al. [38] 

0–5 mm fines 

vs. 0–20 mm 

mix (fine 

fraction 

raised 15 → 

30%) 

↗ (not 

quantified) 
↗ 10.5% 

More fines → 

denser & 

stronger HLC 

Brzyski et 

al. [40] 

8.4 mm → 

2.74 mm 

↗ 377 → 

382 kg m⁻³ 

↘ 0.51 → 0.40 

MPa ( - 22%) 

Finer particles 

raise density but 

lower early-age 

strength 

Mahmood 

et al. [43] 

0.74 mm → 

0.30 mm 

Keep 

constant 
↘ ≈ 32–36% 

Better binder 

coverage with 

fines 

Stevulova 

et al. [42] 

4.29 mm → 

0.94 mm 

(with a 

fraction of 

fine shiv) 

↗ 790 → 1 

110 kg m⁻³ 

↗ 0.3 → 1.86 

(long-term; 

qualitative) 

Fines improve 

long-term 

strength across 

binders 

Stevulova 

et al. [41] 

33.7 mm → 

7.3 mm 

↗ 1040 → 

1 150 kg 

m⁻³ 

(+10.6%) 

↗ 2.73 → 5.20 

MPa (+90%) 

Strong density 

and strength 

gains with fines 

Nguyen et 

al. [44] 

coarse vs. 

fine (sizes not 

given) 

n/a 

Coarse ↗ at 28 

d; no 

difference at 

90 d 

Size effect time-

dependent; early 

microcracking 

postulated 

Arnaud et 

al. [16] 

8.9 mm → 

3.1 mm 

↗ 390 → 

430 kg m⁻³ 

(+10.3%) 

Coarse ↗ 

+52% at 28 d; 

fine ↗ +30–

50% at 120 d 

Fines gain 

strength over 

longer curing 
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2.1.3. Hemp shiv size effect on HLC hygrothermal properties 

The hygrothermal literature is similarly mixed. Finer particles often reduce 

thermal conductivity by improving packing uniformity, but some studies report negligible 

or opposite trends [38, 40, 41, 43]. Moisture buffering is also contested because larger 

particles can retain more capillary water, while finer particles can expose more exchange 

surface area [11, 40, 43, 45]. 

These contradictions indicate that shiv size affects thermal and moisture 

behaviour through several competing pathways: pore volume, pore connectivity, exposed 

internal surface area, and density. The literature has not yet established how these 

pathways change when fatty-acid PCM occupies part of the hemp-shiv pore network. 

Longer-term studies further show that curing age can change the apparent effect 

of shiv size, with reported thermal conductivity differences of up to 34% at 30 days and 

27% at 180 days [7]. This time dependence reinforces the need to treat shiv size as a 

material variable, not only a batching descriptor. The influence of hemp-shiv type and 

density on HLC performance is illustrated in Fig. 2.2. 

 

Fig. 2.2. Influence of 13 different types of hemp shives with bulk densities ranging from 

70.8 kg/m3 to 158 kg/m3, tested at 30 days and 180 days [7].  
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2.1.4. Hemp shiv size characterisation method 

Because hemp shiv is irregular, particle-size characterisation varies across the 

literature. Manual measurement and sieving provide useful information but are labour-

intensive and can be difficult to compare across studies [40, 46–48]. Digital image 

analysis, particularly ImageJ-based Feret-diameter measurement following RILEM TC 

236-BBM, offers a more reproducible basis for describing irregular shiv geometry [7, 13, 

39, 43, 49]. 

The remaining gap is the translation of characterisation data into PCM-HLC mix 

design. Existing methods can describe shiv size, but they do not by themselves explain 

how PCM impregnation changes binder demand, leakage resistance, or composite 

performance. The geometric parameters used to characterise hemp shivs are defined in 

Fig. 2.3. 

 

Fig. 2.3. Geometric parameters used to characterize the shape of hemp shivs [39]. 

2.2. PCM, HL, and SCM 

2.2.1. PCM 

Hemp shiv provides low thermal conductivity and moisture buffering, but its 

sensible heat storage is limited. PCMs address this limitation by storing and releasing 

latent heat during solid-liquid phase transition [50–52]. For HLC, the central question is 
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how to add latent heat capacity without sacrificing leakage resistance, workability, 

moisture transport, or mechanical integrity. 

The literature distinguishes two main PCM incorporation routes: micro-

encapsulated PCMs and shape-stabilised PCMs. Micro-encapsulation improves 

dispersion but is limited by capsule rupture, cost, and reduced allowable PCM fraction 

[53–58]. Shape-stabilised PCMs immobilise liquid PCM in a porous carrier and can reach 

higher mass fractions, but they depend strongly on carrier pore structure and interfacial 

compatibility [13, 59–64]. 

For hemp-based composites, this distinction is important because the carrier is 

also part of the load bearing and moisture-buffering matrix. Table 2.2 shows the 

incorporation rates, and the different carriers that has been used in the field. 

Table 2.2. Summary of MPCM incorporation rate across studies. 

Study PCM type Matrix 
Incorporation 

rate (wt%) 

Abdellatef 

and Kavgic 

[53] 

Micronal and Nextek MPCM HLC 9–18 

Ada et al. [55] Micronal DS 5001X HLC 40 

Vevere et al. 

[65] 
MPCM 

Polyurethane 

cryogenic 

insulation foams 

25 

Aksoy and 

Yilmaz [66] 

MPCM with gelatin – gum 

arabic shell and n – octadecane 

core 

Viscose yarn 

(Textile) 
15–20 

Zou et al. [67] MPCM Copper foam 35–40 

Across building-envelope studies, PCMs generally improve thermal inertia and 

shift peak loads [68–84]. The unresolved challenge is integration: higher PCM content 
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can improve heat storage, but it can also increase leakage risk, reduce strength, alter pore 

accessibility, and complicate binder-aggregate bonding [85–96]. 

This challenge has shifted attention toward organic shape-stabilised PCMs using 

bio-based or waste-derived carriers [60, 97–106]. 

 Hemp shiv is a logical carrier because of its connected pore structure and 

capillary retention, yet dedicated studies on fatty-acid PCM in hemp shiv remain limited 

[13, 64, 107, 108]. 

The key knowledge gap is therefore not the thermal value of PCMs in general, but 

the coupled effect of PCM impregnation on hemp-shiv morphology, binder compatibility, 

moisture transport, and mechanical behaviour in PCM-HLC. 

2.2.2. Fatty acids for PCM-HLC 

Fatty acids are relevant to PCM-HLC because they are bio-based, relatively 

stable, low-corrosivity organic PCMs with tunable phase-change temperatures [109]. 

Capric acid (CA), lauric acid (LA), myristic acid (MA), palmitic acid (PA), and stearic 

acid (SA) are commonly considered because their binary mixtures can be adjusted toward 

building-comfort temperature ranges. 

For indoor thermal comfort, useful PCM melting ranges commonly fall near 20-

30 °C [110–113]. Pure fatty acids do not all fall within this range, so eutectic mixtures are 

used to tune melting temperature and latent heat. Table 2.3 provides the relevant thermal-

property of some of the commonly used pure fatty acids. 
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Table 2.3. Thermal properties of pure fatty acids [13, 107, 110, 111, 114–123]. 

Commercial 

name 

CAS 

number 

Formula Fusion 

temperature 

(°C) 

Latent heat of 

Fusion (J/g) 

Specific heat (J/g/K) in 

liquid (L) and solid (S) 

phase 

Thermal conductivity 

(W/m/K) 

Capric acid 334–48–5 C10 H20O2 29.6–33.2 139.77–

168.77 

L: 2.088–2.1 

S: 1.9–2.097 

L: 0.149–0.17 

S: 0.21 

Lauric acid 143–07–7 C12 H24O2 41–45.3 172.65–

217.29 

L: 2.1–2.3 

S: 1.7–1.8 

L: 0.147–0.19 

S: 0.15–0.37 

Myristic 

acid 

544–63–8 C14 H28O2 49–56.1 178.14–

210.70 

L: 2.159–2.4 S: 1.7–

2.180 

L: 0.15–0.21 

S: 0.17–0.39 

Palmitic 

acid 

57–10–3 C16 H32O2 58.9–64 185.4–233.24 L: 2.267–2.8 S: 1.9–

2.059 

L: 0.159–0.22 

S: 0.3 

Stearic acid 57–11–4 C18 H36O2 53.8–70.8 174.6–258.98 L: 2.2–2.5 S: 1.6–1.8 L: 0.17–0.21 S: 

0.159–0.35 
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Differential scanning calorimetry (DSC) is used in the literature to distinguish 

onset, peak, and endset temperatures during melting and crystallisation. The onset 

temperature is normally the most appropriate value for comparing equilibrium melting 

behaviour, whereas peak and endset values are more sensitive to heating rate, sample 

mass, and thermal lag [124–126]. The DSC response of the binary fatty-acid mixture is 

shown in Fig. 2.4. 

 

Fig. 2.4. DSC diagram of a binary fatty acid mixture of 87.8% CA  -  12.2% MA. 

For fatty-acid PCMs, both melting and crystallisation should be reported because 

supercooling can shift the usable discharge temperature below the melting onset. This 

distinction matters for building applications, where charge and discharge must occur 

within the operating temperature range. 

Thus, DSC data are most useful when they support material selection and 

comparison, rather than when they are treated as a complete predictor of composite 

performance. 

2.2.3. Eutectic mixtures and phase-change prediction 

Eutectic fatty-acid mixtures are used to tune phase-change temperature while 

retaining chemical stability. The literature commonly uses the Schroder-van Laar 

equation and phase diagrams to estimate eutectic ratios before experimental validation 

[63, 127–130]. 
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The eutectic behaviour of binary mixtures can be predicted using the Schröder – 

van Laar equation [63, 127–130]: 

𝑇𝑚 =  [
1

𝑇𝐴
−

𝑅 𝑙𝑛(𝑋𝐴)

∆𝐻𝐴
]

−1

 (1) 

Where 𝑇𝑚 is the phase change temperature of the eutectic mixture, 𝑇𝐴 is the phase 

change temperature, ∆𝐻𝐴 is the latent heat of component A, 𝑋𝐴 is the mole fraction of 

component A in the mixture, and R is the gas constant, which is 8.315 
𝐽

𝑚𝑜𝑙
∙ 𝐾. 

Reported binary fatty-acid systems show that theoretical predictions can guide 

mixture selection, but DSC validation remains necessary because impurities and non-

ideal mixing can shift the measured eutectic temperature and enthalpy. Binary fatty-acid 

mixtures and their reported carriers are summarised in Table 2.4.
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Table 2.4. Fatty acids binary mixtures and their carriers from the literature. 

Eutectic mixture Acronym 
Mass ratios 

(wt%) 

Fusion 

temperature 

(°C) 

Carriers 

Capric acid – lauric acid [13] CA – LA 73–27 21.7 Hemp shivs 

Capric acid – lauric acid [110] CA – LA 66.75–33.25 19.26  -  

Capric acid – lauric acid [63] CA – LA 67–33 22.81 50 wt% with polymethyl methacrylate (PMMA) 

Capric acid – lauric acid [131] CA – LA 65.12–34.88 19.67 Phase change wallboards 

Capric acid – myristic acid [13] CA – MA 83–17 24.1 Hemp shivs 

Capric acid – myristic acid [58] CA – MA 78–22 24.3 A porous clay  RP 

Capric acid – myristic acid [122] CA – MA 83–17 24.14  -  

Capric acid – myristic acid [63] CA – MA 72–28 25.36 50 wt% with PMMA 

Capric acid – myristic acid [110] CA – MA 78.39–21.61 20.08  -  

Capric acid – stearic acid [13] CA – SA 91–9 26.0 Hemp shivs 

Capric acid – stearic acid [26] CA – SA 77–23 27.78 50 wt% with PMMA 

Capric acid – stearic acid [132] CA – SA 83–17 24.73 52 wt% with wood fibres 

Capric acid – palmitic acid [31] CA – PA 88–12 26.1 Hemp shivs 

Capric acid – palmitic acid [133] CA – PA 85–15 24.54 15–60 wt% with wood flour 

Lauric acid – myristic acid [13] LA – MA 73–27 33.6 Hemp shivs 

Lauric acid – myristic acid [58] LA – MA 64–36 33.43 A porous clay 

Lauric acid – myristic acid [63] LA – MA 58–42 35.18 70 wt% with PMMA 

Lauric acid – palmitic acid [13] LA – PA 79–21 34.6 Hemp shivs 

Lauric acid – stearic acid [13] LA – SA 87–13 40.2 Hemp shivs 

Lauric acid – stearic acid [12] LA – SA 86–14 37.5 Carbonized corn cob 

Capric – palmitic – stearic acid 

[62] 
CA – PA – SA 79.3:14.7:6.0 25.71 70 wt% with expanded vermiculite 

Capric acid – myristic acid – 

stearic acid [127] 

CA – MA – 

SA 
 -  22.92  -  



 

16 

 

Phase diagrams provide the same practical message: mixing two fatty acids 

lowers the onset melting temperatures until the eutectic composition is reached [110, 119, 

134]. This allows binary systems to be selected for target comfort ranges rather than 

relying on the melting point of a single acid. Phase diagrams for a binary eutectic fatty-

acid system are presented in Fig. 2.5. 

 

Fig. 2.5. Phase diagrams of a binary eutectic fatty acid [110]. 

Among the reported binary systems, CA-MA is particularly relevant because its 

eutectic temperature can be positioned near the lower comfort range, while some 

alternatives show excessive undercooling or poor carrier impregnation [13, 119, 135]. 

The remaining literature gap is that predicted fatty-acid mixtures are often 

evaluated as PCMs alone, whereas their behaviour after impregnation into hemp shiv and 

incorporation into HLC is less well established. The theoretical eutectic ratios and 

predicted thermal properties are listed in Table 2.5. 
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Table 2.5. The theoretical fatty acids eutectic mass ratios and their predicted thermal 

properties. 

Eutectic 

mixture 
Acronym 

Theoretically 

calculated 

eutectic mass 

ratios 

Temperature of 

Fusion 

𝑇𝐸 (°C) 

Heat of Fusion 

(J/g) 

Capric acid – 

myristic acid 
CA – MA 0.85–0.15 22.64 165 

Overall, eutectic prediction narrows the candidate PCM range, but it does not 

replace composite-level testing of leakage, thermal response, and binder compatibility. 

2.2.4. Impregnation into hemp shiv carriers 

After fatty-acid selection, the key integration step is impregnation into a porous 

carrier. Impregnation capacity depends on both process conditions and carrier properties, 

including pore size distribution, microstructure, hydrophilicity, and surface tension [46, 

136]. 

Direct impregnation and vacuum impregnation are the two most common routes. 

Direct impregnation is simpler, but vacuum impregnation generally improves PCM 

penetration by removing trapped air and driving liquid PCM into the pore network [13, 

137]. 

Heating above the eutectic melting point is required to maintain the PCM in liquid 

form during impregnation [12, 127, 129]. However, the literature shows that successful 

absorption alone is not sufficient; excess PCM on the shiv surface can still create leakage 

and binder-compatibility problems. 
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Comparative studies generally favour vacuum impregnation because it improves 

retention and reduces thermal-cycling leakage relative to direct absorption [13, 133, 138]. 

The vacuum-impregnation process is illustrated in Fig. 2.6. 

  

Fig. 2.6. Vacuum impregnation of CA-PA/WF composites [133]. 

The remaining uncertainty is how high impregnation levels affect the downstream 

HLC matrix. High PCM retention can improve thermal storage, but the same PCM may 

alter shiv wettability, binder contact, and the pore network available for moisture 

exchange. Mass loss for CA-PA/WF composites at different mass ratios is shown in Fig. 

2.7. 
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Fig. 2.7. Mass loss of CA-PA/WF composites with different mass ratios [133]. 

2.2.5. Hemp to PCM ratio 

Reported PCM-to-carrier ratios vary widely because the optimum fraction 

depends on PCM chemistry, carrier porosity, binder system, application, climate, and cost 

[12, 13, 58, 62, 63, 132, 133, 139]. Higher PCM loading can increase latent heat storage 

and thermal lag, but it often reduces strength, alters workability, and increases the risk of 

segregation or leakage. 

The literature therefore frames PCM loading as a trade-off rather than a 

maximisation problem. What remains insufficiently resolved is how these trade-offs 

evolve across a broad PCM substitution range within a single HLC binder and testing 

framework. 

A stronger evidence base is needed to connect PCM dosage with thermal storage, 

moisture buffering, workability, and mechanical performance under comparable 

conditions. 
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2.2.6. HL 

HL (Ca(OH)2) is widely used in HLC because it provides vapour permeability, 

alkalinity, and mineral bonding with bio-aggregates such as hemp shiv. An example of 

HL used in the HLC literature is provided in Fig. 2.8. 

 

Fig. 2.8. HL in the literature [22]. 

Its sustainability varied depending on applications. Lime production releases CO2 

during calcination, but some of this carbon can be reabsorbed through carbonation during 

service life [140, 141]. In HLC, this carbonation potential is combined with biogenic 

carbon storage in hemp shiv, making HL relevant to low-carbon construction even 

though its production remains energy-intensive. 

Pure HL also has technical limitations, including slow setting, low early-age 

strength, and regional supply constraints [142]. These limitations explain why the 

literature increasingly combines HL with SCMs to improve strength development, 

durability, and binder efficiency. 

2.2.7. SCMs 

SCMs are used to reduce reliance on HL and improve binder performance. Their 

contribution is both environmental and technical: industrial by-products such as slag and 
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silica fume  can lower embodied impacts, while reactive silica and alumina can form 

additional cementitious phases that improve matrix cohesion [18, 143–150]. 

The main binding products discussed in the literature are calcium-silicate-hydrate 

(C-S-H) and calcium-alumino-silicate-hydrate (C-A-S-H). These phases densify the 

binder matrix and improve mechanical performance, but their formation depends on SCM 

chemistry, water demand, and lime availability [144–146]. 

Table 2.6 summarizes the distinctions between these two critical binding phases. 

Table 2.6. Comparison of C – S - H and C – A - S – H. 

Feature C – S - H C – A - S – H 

Role in 

strength 

Primary binder, provides 

~90% of structural strength. 

Secondary binder in blended 

systems. 

Formation 
Hydration of 

tricalcium/dicalcium silicates. 

Al³⁺ incorporation from aluminous 

SCMs. 

Typical 

abundance 
High (major gel phase) [146]. 

Lower (dependent on SCM 

replacement level). 

Effect on 

early strength 

Governs both early and long-

term strength. 

Often occurs after the formation of 

carbonate-containing phases [147], 

boosting durability. 

For PCM-HLC, slag, metakaolin, and silica fume are especially relevant because 

they represent different balances of reactivity, water demand, availability, and 

environmental impact. 

Slag is calcium-, silica-, and alumina-rich, relatively available, and commonly 

associated with durability and lower permeability [143, 151, 152]. Its lower reactivity can 

be advantageous where cost and large-scale availability matter, but it may be less 

effective for rapid strength gain. 

Metakaolin has high pozzolanic reactivity and can improve packing, strength, and 

matrix cohesion, but it is manufactured by calcination and therefore has a higher 

processing burden than some industrial by-products [153–156]. 
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Silica fume has very high amorphous silica content and can refine microvoids, but 

its high surface area increases water demand and can reduce workability [148, 157–159]. 

These differences mean that SCM selection cannot be based on strength alone. 

The unresolved question is how these SCMs perform in the presence of fatty-acid 

PCM, where binder hydration, water demand, surface wettability, and hemp-shiv bonding 

may differ from conventional HLC. The principal SCMs discussed in the literature are 

compared in Table 2.7. 
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Table 2.7. Comparison of SCMs. 

Property Silica Fume Metakaolin Slag 

Primary 

composition 
Silica (SiO₂): 85–95% 

Silica (SiO₂): 45–55% 

Alumina (Al₂O₃): 40–50% 

Silica (SiO₂): 30–40% 

Alumina (Al₂O₃): 10–20% 

Calcium Oxide (CaO): 30–40% 

Particle size Ultra – fine (0.1 to 1 µm) Fine (1 to 2 µm) Granular (10–45 µm) [160] 

Reactivity Highly reactive High early reactivity Slower, long – term reactivity 

Strength Increases compressive strength 
High early and long-term 

strength 
Steady long-term strength gain 

Workability 
Lower flowability and increases 

water demand 

Improves flowability and water 

retention  

Improves workability and reduces water 

demand 

Availability Regional dependent Globally available (Medium) Globally available (High) 

Environmental 

impact 
Low (Recycled industrial byproduct) 

Moderate (requires high 

temperatures to produce) 
Low (Recycled industrial byproduct) 

Cost The most expensive More expensive More cost – effective 
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2.3. Binder and HLC mix design  

HLC mix design controls the balance among density, strength, insulation, and 

moisture buffering. The most influential variables are the hemp-to-binder ratio, binder 

composition, and water content. These variables are interdependent because hemp shiv is 

porous and deformable, while the binder controls cohesion and stiffness [161]. 

The literature consistently shows that increasing binder content tends to raise 

density and compressive strength, but it can also increase thermal conductivity and 

reduce the pore volume available for moisture exchange [11, 16, 43, 162]. Partial HL 

replacement with SCMs can reduce binder-related impacts and improve mechanical 

behaviour, but the effect depends on SCM chemistry and water demand [18, 143, 148]. 

Reported H:B and HL:SCM ratios vary widely across HLC studies [11, 16, 18, 

40, 43, 53, 114, 143, 163–169]. This variation makes the literature difficult to compare 

directly, but it also shows that HLC design is application-specific rather than governed by 

a single universal ratio. 

Across the reviewed studies, lower H:B ratios, meaning higher binder contents, 

generally produce denser and stronger composites. The trade-off is that density is often 

positively associated with thermal conductivity, as illustrated in Fig. 2.9 and Fig. 2.10. 
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Fig. 2.9. Comparative performance of HLC [11]. LCB represents HL: crushed brick, 

LMK represents HL: MK, LNHL represents HL: natural hydraulic lime. The number 

indicates the % of SCM being used. Water demend B > A > regular mix design.  

 

 

Fig. 2.10. Relationship between density and thermal conductivity of hemp concrete walls 

and the relationship established by Cerezo [170]. BM – builder’s mix, CM – commercial 

mix, G – HL:slag binder, G + WR – HL:slag binder with water retainer, M – 

HL:metakaolin binder, M + WR – HL:metakaolin binder with water retainer.  
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Conversely, higher H:B ratios reduce binder content and density, which can 

improve insulation by preserving void volume. However, low binder content can 

compromise cohesion, handling strength, and dimensional stability. The relationship 

among hemp-concrete thermal conductivity, density, and water content is shown in Fig. 

2.11. 

  

Fig. 2.11. Thermal conductivity of hemp concretes versus density and water content 

[171]. 

Water content adds another source of uncertainty. Excess water can delay setting, 

weaken the binder-shiv interface, and promote mould during drying, while insufficient 

water limits hydration and carbonation [26, 172, 173]. Because hemp shiv and SCMs 

have different sorption and surface-area characteristics, a fixed water ratio is rarely 

transferable across binder systems. 



 

27 

 

The mix-design gap is therefore a coupled one: PCM-HLC requires enough 

binder and water for cohesion, but excessive binder, water, or PCM can reduce the 

hygrothermal advantages that make HLC useful. 

2.4. HLC specimen preparation 

2.4.1. Fatty acids' impact on HLC 

Fatty acids complicate HLC mix design because they can alter wettability, water 

demand, binder hydration, and particle bonding. The literature reports both beneficial and 

detrimental effects, which suggests that the outcome depends on dosage, binder 

chemistry, and carrier configuration [174–178]. 

One interpretation is that fatty acids can reduce water uptake by occupying hemp-

shiv pores. A competing interpretation is that their hydrophobic surfaces can reduce 

binder wetting and increase water or binder demand. Evidence from cementitious systems 

and PCM-HLC therefore points to a material-specific balance rather than a universal 

fatty-acid effect [64, 175, 178]. 

The functional benefits remain important: fatty acids can add latent heat storage 

and may improve water repellency in some binder systems [64, 179, 180]. The 

unresolved issue is whether these benefits can be achieved without undermining 

cohesion, moisture buffering, or long-term stability. 

This gap is especially relevant for high-PCM HLC, where fatty-acid dosage is 

large enough to modify both the hemp-shiv surface and the binder environment. 

2.4.2. Mixing and casting procedures of HLC 

Mixing procedures for HLC generally follow a common logic: pre-wet the 

aggregate, add binder, then adjust the remaining water to obtain a workable and cohesive 
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mixture [167, 181]. The details vary among studies, which makes density, water demand, 

and strength difficult to compare. 

Density-controlled casting methods have been proposed to reduce this variability 

[169]. Their value is not the specific equation used, but the principle that fresh mass, 

target volume, and compaction must be controlled if differences in binder composition or 

PCM content are to be interpreted. 

Rdry

Rtotal
=

ρtarget

mtotal
 

(2) 

Here, Rdry includes the ratio of hemp shiv, fatty acids, and binder (HL and 

SCMs), while Rtotal is the sum of ratios of all components, including mixing water.  

The literature therefore supports density control as a comparability requirement, 

while also showing that cured density can still shift because of water absorption, 

hydration, and drying. 

2.4.3. Compaction direction and methods 

Casting and compaction influence HLC properties alongside mix composition 

[44, 47, 182, 183]. The main issue is anisotropy: elongated hemp particles, density 

gradients, and binder settlement can make mechanical, thermal, and hygric properties 

depend on casting and testing direction. 

Long hemp particles tend to align with compaction direction, and their capillary 

structure can make heat and moisture transport direction-dependent [161]. This 

mechanism explains why orientation is often considered when interpreting HLC thermal 

conductivity and strength. Hemp-shiv orientation relative to compaction direction is 

illustrated in Fig. 2.12. 
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Fig. 2.12. A graphical representation of the relationship between hemp shiv particle 

orientations and compaction directions. 

Nguyen et al. [44] illustrated this issue by comparing samples measured parallel 

and perpendicular to compaction direction, as shown in Fig. 2.13. 

 

Fig. 2.13. Compaction setup of HLC samples cut from cylindrical specimen [44]. 

The literature also reports density gradients caused by binder settlement, with 

lower-density upper regions and denser lower regions [161]. Such gradients can affect 

compressive strength, thermal conductivity, and moisture transport, but the magnitude 

depends on compaction intensity, shiv size, binder content, and specimen geometry. 

Overall, compaction presents a design trade-off. Greater densification can 

improve strength but may reduce moisture buffering and increase thermal conductivity 
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[47, 171, 183, 184]. Most evidence, however, comes from conventional HLC rather than 

PCM-HLC. 

For PCM-HLC, the unresolved question is whether PCM impregnation dampens 

anisotropy by filling pores or amplifies it by changing binder distribution, pore 

morphology, and surface wettability. 

Consequently, literature on HLC preparation motivates careful reporting of shiv 

size, density, compaction direction, specimen geometry, and binder composition 

whenever PCM-HLC properties are compared. 

2.5. Experimental methodology assessing HLC 

2.5.1. Compressive strength test 

Although HLC is generally used in non-load-bearing applications, compressive 

strength remains a useful indicator of handling, installation, and material consistency. 

The difficulty is that HLC deforms more like a low-strength insulation material than 

structural concrete, so test geometry and loading protocol strongly influence reported 

values. 

The literature lacks a single compressive-strength standard for HLC. Researchers 

use different cube sizes, cross-head speeds, and standards borrowed from mortar, 

concrete, insulation, or lightweight materials [16, 43, 170, 185–194]. This makes direct 

strength comparison uncertain. Compressive strength and dry density across formulations 

and studies are compared in Fig. 2.14. 
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Fig. 2.14. Compressive strength vs dry density at 28 days of the formulations tested and 

from several studies from the literature [185]. 

Table 2.8 and Table 2.9 show that 50 mm and 100 mm cubes are both common, 

but they reflect different testing traditions. 

Table 2.8. Principal standards employing 50 mm and 100 mm cubes. 

50 mm x 50 mm x 50 mm Cubes 100 mm x 100 mm x 100 mm Cubes 

ASTM C513 for hardened lightweight 

insulating concrete for compressive 

strength 

BS EN 12390–1 for hardened concrete 

ASTM C109 for hydraulic cement and 

other mortars 

EN 826:2013 Thermal insulating 

products for building applications – 

Determination of compression 

behaviour 

ASTM C165 Compressive Properties of 

Thermal Insulations (258×258×12.7 

mm),  

ASTM D1621–16(2023), and  

ASTM D6817 M  -  13a Specification 

for Rigid Cellular Polystyrene Geofoam 

(No equivalent ASTM insulation 

standards typically use this cube size) 
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Standards for insulation and hydraulic mortars better reflect HLC's low-strength, 

deformable response than standards developed for dense structural concrete [187–191]. 

Even so, the literature has not resolved how specimen size affects HLC strength, 

particularly when PCM changes density and internal structure. 

In contrast, BS EN 12390–1 [190] and EN 826:2013 [191] are aimed at dense 

concrete and building insulation boards, respectively, and use 100 mm cubes primarily 

for convenience in concrete labs. Although larger samples will reduce variability when 

the material is heterogeneous, these standards accommodate concrete, which is not 

designed to reflect the lower density or deformable behaviour typical of HLC.  

A list of specimen sizes used by recent studies is shown in Table 2.9. 
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Table 2.9. HLC studies that used different sample sizes for compressive strength test. 

Author & Year Sample size (mm) Loading rate / Testing 

speed 

Material tested 

Elfordy et al., 

2008 [186] 

50 mm cubes 5 mm min⁻¹ (crosshead 

speed) 

Lime – hemp concrete (“hempcrete”) 

Page et al., 

2017 [192] 

50 mm cubes 3 mm min⁻¹ (crosshead 

speed)  

Hybrid hemp – flax composite (hemp + flax fibres) 

Şahin, 2022 

[193] 

50 mm cubes 30 N s⁻¹ (force – 

controlled)  

Lightweight hemp composite (hemp shiv + Portland 

cement binder) 

Walker et al., 

2014 [194] 

100 mm cubes (EN 459–

2 [195] and EN 196–1 

[196]) 

50 N s⁻¹ (force – 

controlled) 

Hemp – lime concrete with calcium – lime, natural 

hydraulic lime, supplementary cementitious material 

binders, and commercial binders 

Mahmood et 

al., 2024 [43] 

100 mm cubes (EN 

12390–1 [190] and EN 

826:2013 [191]) 

2 mm min⁻¹ 

(displacement – 

controlled) 

Hemp – lime biocomposite, hemp shiv + HL binder 

+ supplementary cementitious materials 

Stevulova et 

al., 2012 [41] 

100 mm cubes Not specified (tested on 

an ELE ADR 2000 

press) 

Lightweight composites with 40 vol% hemp shives, 

29 vol% of MgO – cement, and 31 vol% of water 
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Recent HLC studies therefore provide useful testing precedents but not a unified 

protocol. The remaining methodological gap is to quantify whether specimen size 

changes the measured strength and whether that effect differs with casting direction. 

From a regional perspective, ASTM standards are more commonly adopted in 

North America and are generally preferred over European standards. Considering 

technical accuracy and compliance with standards, 50 mm cubes are recommended for 

compressive strength testing of HLC. Given its lightweight, porous, and lime – based 

nature, HLC is best tested under protocols developed for lime – based and thermal 

insulation materials. 

Because HLC strength data are often used for comparison rather than structural 

design, consistency of sample size, curing age, and loading protocol is essential for 

interpreting trends across studies. 

2.5.2. Moisture buffering test 

Moisture buffering arises from hemp shiv chemistry and pore structure. Cellulose, 

hemicellulose, and lignin provide polar sites for moisture interaction, while the fibrous 

pore network supports vapour sorption, capillary condensation, storage, and release [181, 

197, 198]. 

MBV provides a standardised way to quantify this behaviour [53, 181, 199]. 

Many MBV studies have focused on conventional HLC, although reported values depend 

on specimen conditioning, exposure cycles, and test duration [181, 199]. The open 

question is how fatty-acid PCM affects moisture exchange when it occupies pores and 

changes surface wettability. 
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2.5.3. Thermal conductivity 

Thermal conductivity is commonly measured using steady-state heat-flow 

methods, but reported values depend on temperature, specimen size, density, moisture 

state, and edge insulation [43, 64, 199–203]. In hemp concrete, Collet et al. measured 

conductivity across formulations and water contents and combined heat-flow 

measurements with self-consistent modelling, showing that density and water content 

should be interpreted together rather than treated as independent corrections [171]. 

Studies of moist hygroscopic insulation using heat-flow-meter methods further show that 

wet samples require extended equilibration because moisture migrates from the hot side 

to the cold side; shortening the test can overestimate conductivity, while vapour transport 

and latent heat contribute to the apparent heat flux [204, 205]. Measurements at high 

moisture levels should therefore report conditioning relative humidity, mean moisture 

content, specimen thickness, mean temperature, temperature gradient, and the criterion 

used to define hygrothermal steady state. For PCM-HLC, these controls are particularly 

important because moisture redistribution may coincide with PCM phase change, making 

a single apparent conductivity difficult to interpret [64, 200–203]. 

For heterogeneous bio-based materials, specimen thickness matters because 

thicker samples better average local variations, while thinner samples can be more 

affected by contact resistance and edge effects. The thermal-conductivity test setup used 

in the literature is shown in Fig. 2.15. 
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Fig. 2.15. Thermal conductivity setup using FOX 304 Heat Flow Meter [43]. 

Instrument limitations and target accuracy therefore shape specimen geometry, as 

summarised in Table 2.10. 
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Table 2.10. The FOX 304 HFM specifications. 

Maximum sample Thickness 102 mm (4″) 

Sample size 305 x 305 mm (12 sq. in.) 

Temperature range - 20 °C to 75 °C 

Extended temperature Range 

options 
- 30 °C to 95 °C 

Temperature control accuracy ± 0.01 °C 

Accuracy ± 1% 

Reproducibility ± 0.5% 

Thermal conductivity range 

0.005 to 0.35 W/m K 

(0.035 to 2.4 BTU in/hr ft2 °F) 

External thermocouple kit: up to 2.5 W/m K 

Heat flux transducers area 100 x 100 mm (4 sq. in.) 

Common HFM specimen sizes range from approximately 150 mm by 150 mm to 

260 mm by 260 mm, with thicknesses commonly between 50 mm and 80 mm [43, 114, 

169, 199]. 

For PCM-HLC, thickness has an additional implication: if the thermal gradient 

crosses the PCM melting range, different regions of the specimen may contain solid and 

liquid PCM. This creates a gap in how thermal-conductivity tests should be interpreted 

for phase-changing bio-composites. 

When measuring the steady-state thermal properties of heterogeneous insulation 

materials, the relationship between the material’s structural heterogeneity and the 

sensor/transducer size is critical [206, 207]. In standard HFM instruments, heat flux 

transducers embed a matrix of thermopiles to capture the energy passing through a 

material. When analyzing a heterogeneous structure, if the heat flux sensor is too small 

relative to the material’s structural features (e.g., large air pockets, structural binders, 

voids, or varying densities), it measures a localized hotspot or cold spot. The sensor must 
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span an area large enough to integrate across local variations and defects to compute an 

accurate bulk thermal conductivity. While ASTM C518 [208] provides the baseline 

standard for steady-state heat flow meters and recommends large sample sizes of 300 mm 

x  300 mm to ensure that a large central heat flux transducer evaluates an isotropic, 

homogeneous, or uniformly heterogeneous area, ASTM C1919-22 [207] supplements the 

practice by testing on smaller samples down to 100 mm x 100 mm while utilizing a 

centralized smaller heat flux sensor area of 10 mm to 50 mm. 

When evaluating complex, heterogeneous materials under standard HFM 

protocols, several hard physical and structural measurement limitations emerge: 

• Thermal Inhomogeneity & Anisotropy: If fibers align preferentially in one 

direction (common in bio-based HLC), the 1D heat flow assumption fundamental to 

ASTM C518 might be diverted laterally, violating the calibration constants of the central 

sensor. 

• Macro-Porosity and Edge-Convection Effects: When samples are downscaled 

using masks under ASTM C1919, highly porous or granular heterogeneous structures risk 

convective looping along the boundary between the material and the surrounding 

protective edge mask [207, 209]. 

• Contact Resistance Inaccuracies: Heterogeneous surfaces are rarely perfectly 

flat. Variations in rigid aggregates create localized air gaps against the rigid plates of the 

HFM apparatus, adding contact thermal resistance that artificially deflates the measured 

conductivity value. 

• Micro-Sensor Edge-Loss Vulnerability: Shifting to micro-scale heat flux 

transducers introduces intense lateral heat distortion. Without a perfectly guarded 

perimeter, the sensor captures multi-directional flux instead of pure perpendicular 

thickness transmission, which might yield reproducibility error margin on highly 

localized heterogeneities. 
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2.5.4. Thermal resistance 

Thermal resistance expresses resistance to heat flow for a given material thickness 

and is therefore central to envelope design [210, 211]. Unlike thermal conductivity, it 

scales with thickness and is sensitive to contact resistance in thin samples [212, 213]. 

Insulation values for selected commercial materials are compared in Table 2.11. 

Table 2.11. Insulation values for some of the commercial insulation materials [211]. 

Material 
Ranges RSI/25.4 mm 

(R/in.) 

Average  

RSI/25.4 mm (R/in.) 

Cellulose fibre, wet 

sprayed or blown 
0.53 to 0.67 (R - 3 to 3.8) 0.63 (R - 3.6) 

Straw bale 0.23 to 0.28 (R - 1.3 to 1.6) 0.26 (R - 1.45) 

Wood fibre 0.58 (R - 3.3) 0.58 (R - 3.3) 

Fibreboard (beaverboard) 0.41 (R - 2.3) 0.41 (R - 2.3) 

Compressed straw board 0.35 (R - 2.0) 0.35 (R - 2.0) 

Cork 0.65 to 0.67 (R - 3.7 to 3.8) 0.65 (R - 3.7) 

For PCM-HLC, the literature suggests a tension between high thermal storage and 

sufficient thermal resistance. Higher PCM content can increase heat capacity, but it may 

also increase density and conductivity. This balance is especially important for cold-

climate envelopes. 

2.5.5. Specific heat capacity 

Specific heat capacity (Cp) describes a material's ability to store sensible heat and 

is directly relevant to indoor temperature moderation [10, 11, 214]. For PCM-HLC, Cp 

must be interpreted together with latent heat storage because the effective heat-storage 

capacity changes near the phase-transition temperature. 
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2.5.6. Thermal diffusivity 

Thermal diffusivity combines conductivity, density, and specific heat capacity to 

describe how quickly a material responds to changing temperature [203, 215]. The 

unresolved issue for PCM-HLC is how diffusivity should be interpreted when phase 

change, moisture state, and density vary together. 

2.6. Research gap 

2.6.1. Research gaps overview 

The reviewed literature identifies four connected gaps that motivate the 

experimental programme. The first concerns material characterisation and mix design. 

Existing methods describe hemp shiv and binder systems, but they do not fully explain 

how PCM impregnation changes shiv-binder interaction, binder demand, leakage 

resistance, and stable PCM-HLC formation. 

1. Material characterisation and mix-design gaps 

Conventional HLC studies provide useful knowledge on shiv size, density, 

moisture behaviour, and morphology. Their transferability to PCM-HLC remains 

uncertain because PCM changes pore occupancy, surface wettability, and binder contact. 

The resulting gap is the lack of a clear relationship between PCM-impregnated 

shiv properties and the binder requirements needed to form cohesive, leakage-resistant 

PCM-HLC. 

2. Experimental behaviour and testing-framework gaps 

The second gap is methodological. HLC properties are sensitive to casting 

direction, specimen size, density, and testing protocol, yet these variables are not 

consistently reported or controlled. 
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Although anisotropy and size effects are recognised in conventional HLC, their 

relevance to high-PCM PCM-HLC remains unclear because PCM can alter pore 

structure, density, and interfacial bonding. 

3. Composite performance and trade-off analysis gaps 

The third gap concerns coupled composite performance. PCM improves latent 

heat storage, but it may also change strength, moisture buffering, density, and binder 

hydration. Existing studies often use limited PCM ranges, which makes it difficult to 

identify usable performance thresholds. 

A broader trade-off analysis is therefore needed to connect PCM substitution level 

with thermal, mechanical, and hygric outcomes under comparable testing conditions. 

4. Building-envelope performance evaluation and optimisation gaps 

The fourth gap is the translation from material performance to envelope 

behaviour. PCM-HLC may offer thermal storage and moisture regulation, but cold 

climates require sufficient static thermal resistance when the PCM is solid. Few studies 

resolve this storage-resistance balance in a bio-based multilayer envelope. 

5. Overview of research gaps 

Taken together, the literature lacks an integrated framework linking PCM-

modified shiv properties, binder demand, testing consistency, composite trade-offs, and 

envelope-level performance. 

These unresolved challenges motivate the experimental programme developed in 

the following chapters: material characterisation and preliminary casting, casting-

direction and specimen-size assessment, PCM-substitution trade-off analysis, and 

multilayer envelope evaluation. 
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2.6.2. Motivations by chapter 

Chapter 4 addresses material characterisation and preliminary casting. 

The literature provides methods for describing hemp shiv and binder systems, but 

it does not fully show how PCM-impregnated shiv size affects binder demand or how 

SCM-modified binders perform under high fatty-acid PCM loading. 

The corresponding work therefore focuses on linking shiv morphology, PCM 

retention, binder composition, cohesion, and leakage resistance. 

Chapter 5 addresses casting direction and specimen-size effects of PCM-HLC. 

Because conventional HLC is anisotropic and specimen-size dependent, but 

PCM-HLC may have altered pore and binder structures, the literature does not yet show 

whether the same testing assumptions remain valid at high PCM loading. 

The corresponding work evaluates casting direction and specimen geometry as 

sources of variation in mechanical, thermal, and moisture-buffering measurements. 

Chapter 6 addresses PCM mix proportioning. 

Previous studies usually examine limited PCM contents, leaving the trade-off 

among latent heat storage, density, strength, and moisture buffering insufficiently 

mapped. 

The corresponding work therefore examines a broad PCM substitution range to 

identify performance thresholds for application-specific PCM-HLC design. 

Chapter 7 addresses multilayer PCM-HLC envelope design. 
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The literature shows that PCM can improve thermal storage, but cold-climate 

envelopes must also maintain thermal resistance when PCM is solid. This motivates a 

multilayer design approach that balances storage, insulation, and moisture regulation 

under dynamic boundary conditions. 
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3. Chapter 3: Research Methodology 

3.1. Research Method Overview 

This chapter describes the experimental and numerical methods used to 

characterise raw materials, prepare PCM-HLC specimens, measure mechanical and 

hygrothermal properties, and evaluate sandwich-panel performance. The methods are 

grouped as standardised tests, adapted literature procedures, and newly developed 

comparative tests. 

Fig. 3.1 summarises the two-phase workflow. Phase I covers raw-material 

characterisation, preliminary PCM-HLC casting, specimen preparation, and experimental 

testing. Phase II develops and validates a numerical model for sandwich PCM-HLC 

panels, then uses the model to assess cold-climate envelope performance. 

  

Fig. 3.1. Overview of the methodology. 
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3.2. Phase I Experimental Analysis (Chapter 4): Characterisation of Raw Materials 

and Preliminary Casting 

3.2.1. Characterization of raw materials 

The PCM-HLC specimens comprised hemp shiv, binder, and fatty-acid PCMs. 

Raw-material characterisation focused on the properties most likely to affect batching, 

PCM retention, hydration, and hygrothermal performance. 

3.2.1.1. Size, morphology, and particle-size distribution of hemp shivs 

For each shiv fraction, more than 2000 particles were separated on A4 sheets, 

scanned at 600 dpi, converted to 8-bit grayscale, and analysed in ImageJ following the 

RILEM TC 236-BBM approach. Touching or overlapping particles were excluded to 

improve particle-boundary detection, as illustrated in Fig. 3.2. 

 

Fig. 3.2. Sample ImageJ analysis (left) before processing and (right) after processing. 

3.2.1.2. Density of hemp shivs 

3.2.1.2.1.  Bulk density 

Bulk density and skeletal density were measured because they describe different 

levels of pore inclusion. Bulk density includes inter-particle voids and is relevant to 

batching, whereas skeletal density estimates the density of the solid shiv material. 

Bulk density was measured on oven-dried shiv samples using a calibrated 

cylindrical container. The shiv was dried at 60 °C to constant mass, cooled in the closed 
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container, levelled by repeated inversion, weighed, and related to the occupied volume 

determined by water filling. 

The measurement was repeated three times for each shiv fraction, and bulk 

density was calculated using (3) [216]: 

𝜌 =
𝑀

𝑉
 (3) 

Where ρ represents the bulk density (g/cm³), M is the mass of the shiv (g), and V 

is the volume of the sample (cm³). 

3.2.1.2.2.  Skeletal density by gas pycnometer 

Skeletal density was measured by helium pycnometry (Micromeritics AccuPyc II 

1345) at 21 ± 1 °C. Tests used a purge-fill pressure of 19.5 psig, an equilibration rate of 

0.0050 psig/min, and at least 2 g of material occupying approximately two-thirds of the 

112 cm³ cell. Each reported value is the average of 10 purge cycles. 

3.2.1.2.3.  Vacuum impregnation 

To reduce moisture-related error, all shiv samples were dried at 60 °C for 24 h 

before testing. Vacuum impregnation was then applied at 90 kPa for 10 min to remove 

trapped air from the porous shiv structure [64, 217], as shown in Fig. 3.5. 

 

Fig. 3.5. Vacuum chamber over a heat plate setup. 
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3.2.1.3. Initial moisture content 

Initial moisture content was measured on ten replicate shiv samples of 

approximately 10 g. Samples were weighed at room conditions (55% RH), oven-dried at 

60 °C to constant mass and reweighed after cooling. 

Initial moisture content was calculated from the wet and dry masses using (7) 

[216]: 

W (%) =  100 ×
(mw − md)

md
 

(7) 

Where W represents the initial water content (%), mw is the initial mass/wet mass 

of the sample under room humidity (g), and md is the dry mass of the sample (g). 

3.2.1.4. Water absorption 

Water absorption was measured using the standardised procedure shown in Fig. 

3.6 [18, 49]. 

 

Fig. 3.6. Experimental procedure to measure the water absorption [49]. 

For each test, 5-10 g of shiv was weighed, dried at 60 °C to constant mass, and 

immersed in water. Excess water was drained after immersion, with a permeable 

synthetic mesh bag used for fine particles to prevent material loss. 
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Immersion durations were 1, 15, 240, and 2880 min. Each duration was tested in 

triplicate on separate shiv samples, and the bag mass was deducted where applicable. 

Water absorption was calculated using (8). The initial absorption rate was 

determined from the slope of the absorption curve at 1 min when plotted against 

logarithmic time. 

Wt = IRA + K1Log(t) (8) 

Where Wt is the water absorption at any given time, IRA is the initial rate of 

absorption, and K1 is the slope of the absorption curve. 

3.2.1.5. Moisture retention 

Moisture retention was assessed on 5-10 g shiv samples dried at 60 ± 5 °C to 

constant mass, immersed in water for 24 h, and drained gravitationally for 10 min before 

the saturated mass was recorded. 

The saturated samples were dried in a ventilated oven at 60 ± 5 °C and reweighed 

after 1, 2, 4, 6, 8, 12, 24, 28, 32, 36, 40, 44, and 48 h to quantify moisture loss. 

Three independent shiv samples were tested for each fraction. Moisture retention 

was calculated from the mass change at each interval and used to compare drying 

behaviour among particle sizes. 

3.2.1.6. Impurities and fibre content 

Impurity and fibre content were measured using the water-separation method 

adapted from Mahmood et al. [43]. A 10 g oven-dried shiv sample was submerged in 3 L 

of water, stirred for 5 min at 750 RPM, and left to settle for 10 min. Floating shiv-rich 

particles were collected, and the remaining suspension was passed through a No. 200 (75 

µm) sieve to recover fine fibres and impurities. 

The impurity level fi was then calculated using the following equation: 
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fi(%) = 100 ×
md

mi
 (9) 

Where mi is the dry mass of the impurities (g), md is the initial dry mass of the 

hemp shiv sample (g). 

Impurities included residual fibres, leaves, outer stem fragments, and root 

particles. Fibre content was then estimated by handpicking and weighing the fibre 

fraction, providing a low-cost check on raw-material purity before HLC casting. 

3.2.1.7. SEM 

SEM specimens were coated with 10 nm of gold-palladium and examined in 

environmental mode at 2 mbar (200 Pa) and 15 kV. These settings were selected for non-

conductive, moisture-sensitive organic materials [13]. 

3.2.1.8. Thermal behaviour by DSC 

DSC was used to determine the phase-change behaviour of CA, LA, MA, PA, SA, 

and selected eutectic mixtures. Samples of less than 10 mg were sealed in Tzero 

aluminium pans, with an empty pan used as the reference. Thermal data were collected 

and analysed using TA Instruments TRIOS software. 

The DSC protocol used a heat-cool-heat cycle to standardise thermal history: 

equilibration at 10 °C, heating to 80 °C at 5 °C/min, a 15 min hold, cooling to 10 °C at 

5 °C/min, a second 15 min hold, and a second heating step to 80 °C. The 5 °C/min rate 

was selected from the literature to balance peak resolution and signal sensitivity [218]. 

Instrument calibration was checked with indium as required by instrument use. 
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3.2.1.9. XRF chemical composition 

Binder chemical composition was measured by X-ray fluorescence using a 

Rigaku Supermini200 benchtop wavelength-dispersive spectrometer with a 200 W Pd-

anode X-ray tube. 

3.2.2. Preliminary casting of PCM-HLC 

Preliminary casting was used to identify PCM-HLC mixtures that could retain 

high PCM contents while remaining cohesive, dimensionally stable, and resistant to PCM 

leakage. 

3.2.2.1. PCM impregnation 

PCM was incorporated by submerging hemp shiv in liquid fatty acids at 80 °C 

under vacuum. This temperature kept the PCM molten while vacuum exposure promoted 

infiltration into the shiv pore network [12, 64, 137] (Fig. 3.7). 

 

Fig. 3.7. A diagrammatic representation of PCM impregnation into hemp shivs. 

After impregnation, samples rested for 5 days to reduce early leakage [13]. The 

PCM substitution rate was calculated using: 

Replacement rate (%) =
mPCM

mPCM + mhemp
× 100 (10) 

Where mPCM is the mass of PCM, mhemp is the mass of the hemp shiv. 
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The impregnated shiv was then used to cast PCM-HLC specimens. After curing, 

the specimens were screened using the cohesion and leakage tests described below. 

The screening matrix varied PCM substitution rate, hemp-to-binder ratio, and 

SCM substitution level. This allowed unstable mixtures to be excluded before larger 

specimens were prepared for later chapters. 

3.2.2.2. Sample preparation 

The mixing procedure was adapted from the literature [148]. PCM-impregnated 

shiv and binder were each pre-wetted with one-tenth of the total water, then combined 

while the remaining water was added gradually. Mixing continued for at least 5 min, or 

until a uniform and workable consistency was obtained. 

Preliminary PCM-HLC specimens were cast in 50 mm × 50 mm × 50 mm 

wooden moulds to screen mix feasibility using a small, repeatable specimen geometry. 

Fresh PCM-HLC was compacted on a vibration table for 30 s at 60 Hz. Material 

was added or removed during compaction until the filled mould was level with the top 

edge. 

Specimens were demoulded immediately to limit internal setting stresses [43] and 

cured for 28 days at 22 ± 1 °C and 55 ± 4% RH. 

3.2.2.3. Cohesion test 

Two cohesion checks were used because PCM-HLC mixtures can appear 

workable during mixing but lose integrity after curing. The first was the fresh-state test-

ball method, which identifies the minimum water and binder needed to form a cohesive 

mixture [24, 43]. Water was adjusted in 10 g increments until a hand-formed ball retained 

its shape, showed no excessive water release, and split cleanly when pressed [172, 219] 

(Fig. 3.8). 
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Fig. 3.8. Optical photo of (a) a failed test ball that cannot retain its shape, and (b) a test 

ball that retained its shape.  

A post-curing abrasion test was developed for this study to compare the internal 

bonding of low-strength PCM-HLC specimens after 28 days of curing. Conventional 

cohesion or shear tests require larger specimens and more complex analysis [220], 

whereas the proposed test provides a simple screening method for many mix designs 

using the same specimen geometry. 

Each specimen was weighed to the nearest 0.01 g, placed on a sieve mounted over 

a collection plate, and abraded for 180 s at 60 Hz while held in position. The final mass 

was then recorded, and cohesion was classified from the percentage of gravimetric 

particle loss: 

• < 1% mass loss: negligible fine-particle loss and no visible change in 

specimen geometry, indicating excellent cohesion. 

• 1-5% mass loss: limited detachment or local surface peeling while the 

specimen retained its geometry, indicating acceptable cohesion. 

• > 5% mass loss: significant particle loss, visible degradation, or partial 

collapse, indicating insufficient cohesion. 

 (a)                                                      (b)                            
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The thresholds were established from repeated preliminary observations of 

particle loss and visible damage. They are intended for comparative screening rather than 

as a standardised mechanical property. Repeatability was supported by fixed specimen 

dimensions, vibration frequency, test duration, mass-loss measurement, and replicate 

specimens. The method is therefore useful for ranking PCM-HLC mixes before full 

mechanical testing, while its limitation is that it does not replace compressive, tensile, or 

shear-strength measurements (Fig. 3.9). 

 

Fig. 3.9. (a) Cohesion test setup on a vibration table, (b) lost 1%  -  5% particles during 

the test, and (c) a failed specimen (> 5% mass loss) during the test. 

3.2.2.4. Leakage test  

The leakage test was developed because shape retention after curing does not 

necessarily confirm PCM retention during thermal cycling. Specimens cured for 28 days 

were subjected to 50 heat-cool cycles on absorbent paper to reveal visible PCM migration 

(Fig. 3.10). 

 (a)                                         (b)                                     (c)                            



 

54 

 

 

Fig. 3.10. Optical photo illustrates (a) a temperature and timer-controlled heating box for 

thermal cycling, (b) the specimen placed on top of a piece of paper towel and the heating 

mat, to observe the sign of leakage. 

During each cycle, the heating mat was raised to 60 °C and held for 30 min, then 

switched off until the specimen cooled naturally to 21 ± 1 °C. The specimen was held at 

room temperature for another 30 min before the next heating step. Leakage was assessed 

by inspecting the absorbent paper after 50 cycles. The test is qualitative, but it provides a 

practical and repeatable comparison of leakage risk under conditions above the PCM 

melting range. 

3.3. Phase I Experimental Analysis (Chapter 5): Casting Direction and Size Effects 

of PCM-HLC 

This stage evaluated whether casting direction and specimen thickness affect PCM-

HLC mechanical, thermal, and moisture-buffering properties. These variables are 

recognised in conventional HLC, but their influence after PCM impregnation required 

direct testing (Fig. 3.11). 

 (a)                                     (b)                         



 

55 

 

 

Fig. 3.11. PCM-HLC specimens for mechanical, thermal, and moisture buffering test. 

3.3.1. Sample preparation 

3.3.1.1.  Mixing 

The base mixing procedure followed Section 3.2.2.2. 

3.3.1.2. Moulding 

Rectangular moulds of 150 mm × 150 mm × 50 mm and 150 mm × 150 mm × 80 

mm were used for thermal and moisture-buffering tests. Specimens were cast in 

horizontal and vertical compaction directions to examine anisotropic behaviour [44, 53] 

(Fig. 3.12). 

 

Fig. 3.12. Optical photo of (a) A horizontal 150 mm x 150 mm x 50 mm mould; (b) 

Sample casted in horizontal direction; (c) Samples casted in a vertical direction. 

 (a)                                            (b)                                                     (c) 

(a)                           (b)                (c)                   
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Compressive-strength specimens were cast in 50 mm and 100 mm cubic moulds 

to evaluate specimen-size and directional effects (Fig. 3.13). 

 

Fig. 3.13. (a) A 100 mm cubic mould, and (b) a 50 mm cubic mould.  

3.3.1.3. Vibration compaction 

Vibration compaction followed the preliminary casting protocol: fresh PCM-HLC 

was compacted for 30 s at 60 Hz, and material quantity was adjusted until the surface was 

level with the mould top. This method was adopted from Mahmood's standardisation 

work [43]. 

3.3.1.4. Curing 

Rectangular specimens remained in moulds for 48 h to prevent deformation at low 

early-age strength. The 50 mm and 100 mm cubes were demoulded immediately to limit 

internal setting stresses [43]. All specimens were then cured for 28 days at 22 ± 1 °C and 

55 ± 4% RH. 

Following the curing period, samples were prepared based on their testing 

requirements: 

• Hygrothermal samples: dried at 60 °C to constant mass (variation < 0.1%) 

before testing. 

• Compressive-strength samples: tested after 28 days of curing without oven 

drying to represent room-condition mechanical performance. 

(a)                                                   (b)                       
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3.3.2. Compressive strength 

Compressive strength was measured after 28 days of curing. Each result 

represents the mean of three specimens. Tests used 50 mm cubes following ASTM C109 

and ASTM C513, or 100 mm cubes following BS EN 12390-1 [190] and BS EN 

826:2013 [191]. Loading was applied with an INSTRON 68FM-100 UTM equipped with 

a 100 kN load cell, using a displacement rate of 3 mm/min for 50 mm cubes. Results 

were reported to the nearest 0.1 MPa. 

Failure was defined as the peak of the load-displacement curve [53]. When no 

clear peak occurred, the compressive strength was taken as the stress at 10% strain. The 

test was stopped after major mechanical failure because post-peak readings can reflect 

compression of collapsed material rather than intact specimen strength. 

Stress was calculated from load divided by cross-sectional area. Strain was 

estimated from machine displacement divided by initial specimen height because external 

strain gauges were not used. The modulus of elasticity was therefore used only for 

comparative analysis and was calculated from the 10-40% portion of the maximum-stress 

range using: 

𝐸 =
𝜎

𝜀
=

𝐹
𝐴

𝛥𝐿
𝐿

 (11) 

Where E is the Modulus of elasticity (MPa), σ indicates the stress (MPa), ε shows 

the strain (-), F is the applied load (N), A denotes the cross – sectional area (mm2), and 

ΔL refers to the device displacement (mm). L shows the initial length of the specimen 

(mm).  

Using the 10-40% stress range reduced the influence of initial microcrack closure 

and provided a more consistent comparative stiffness value for these composites. 
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3.3.3. Thermal properties 

(a) Thermal conductivity 

Thermal conductivity was measured using a FOX 304 heat-flow-meter apparatus 

in accordance with ASTM C518-17 [208]. The apparatus was calibrated with NIST 

1450b SRM [221]. Specimens were dried at 60 ± 1 °C to constant mass and tested at 

mean temperatures of 12.5, 22.5, 32.5, and 40 °C. Edge insulation was added to reduce 

lateral heat loss (Fig. 3.14). 

 

Fig. 3.14. The HFM setup with insulation materials wrapping around the specimen. 

(b) Specific heat capacity  

Specific heat capacity was measured using the same FOX 304 apparatus and dried 

specimens. Tests were conducted at average temperatures of 20 °C and 30 °C to capture 

temperature dependence near the PCM transition range. 

(c) Thermal diffusivity 

Thermal diffusivity (α) was calculated from thermal conductivity, density, and 

specific heat capacity using: 
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α =
k

ρ ⋅ Cp
 (12) 

Where α represents thermal diffusivity, k denotes thermal conductivity, ρ is 

density, and Cp is the specific heat capacity of the material. Unit is in m2/s×10–6. 

(d) Thermal resistance 

Thermal resistance (R – value, or RSI in metric) is the inverse of thermal 

conductivity for a given material thickness [222]. Thermal conductivity can be used to 

calculate thermal resistance using the following formula, provided the sample’s thickness 

(L) is known: 

R = L / k (13) 

The unit is either in SI units (m²·K/W) or converted to imperial units 

(ft2·°F·h/BTU) using the standard conversion factor of 5.678263.  

3.3.4. Moisture buffering value 

Moisture-buffering value (MBV) was measured using the Nordtest protocol [223]. 

Specimens provided at least 0.01 m² of exposed area, with all sides sealed except the top 

surface. The 150 mm × 150 mm × 80 mm and 150 mm × 150 mm × 50 mm specimens 

met the exposed-area requirement while limiting material use (Fig. 3.15). 
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Fig. 3.15. (a) Sample preparation, (b) the MBV test setup. 

Relative humidity was controlled with saturated salt solutions following ASTM 

E104-20a [224]: NaCl solution for 75 ± 2% RH and MgCl₂ solution for 33 ± 2% RH. At 

23 ± 1 °C, specimens were cycled between 75% RH for 8 h and 33% RH for 16 h until 

consecutive-cycle mass change was less than 5%. 

Specimen mass was recorded with a 0.01 g precision balance, and MBV was 

calculated using (14). 

𝑀𝐵𝑉 =
𝛥𝑚

𝐴 ⋅ 𝛥𝑅𝐻
 (14) 

Where MBV represents the moisture buffering value, Δm is the moisture uptake 

or release during the humidity cycle, A is the exposed surface area of the sample, and 

ΔRH is the difference between the highest and lowest relative humidity values during the 

cycle. 

3.4. Phase I Experimental Analysis (Chapter 6): PCM Mix Proportioning 

This stage examined how PCM substitution level affects PCM-HLC performance 

and material economy. Specimens used the molar-ratio binder design developed in 

Chapter 4 and the testing framework established in Chapter 5. 

(a)                                              (b)                       
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3.4.1. Mixing, moulding, and curing 

3.4.1.1. Mixing 

The mixing procedure followed Section 3.3.1.1. 

3.4.1.2. Moulding 

Specimens were cast in 150 mm × 150 mm × 50 mm rectangular moulds and 50 

mm cubic moulds, as shown in Fig. 3.12 and Fig. 3.13. 

3.4.1.3. Hydraulic press compaction 

Hydraulic press compaction was adopted to increase specimen density and 

evaluate the upper performance range of PCM-HLC. A target wet density of 1000 kg/m³ 

was selected from trial casting as the highest density achievable with the available 

moulds and mix design. 

Fresh PCM-HLC was compacted using a 10-ton hydraulic press. A 50 mm 

wooden block was placed between the piston and the mixture to distribute pressure more 

uniformly across the specimen surface. 

To reduce segregation and improve interlayer contact, specimens were compacted 

in two stages. Half of the mixture was first compacted to half thickness, and the surface 

was keyed to approximately 2 mm depth before the remaining mixture was added and 

compacted to the final thickness. Fig. 3.16 shows the created surface roughness pattern 

intended to enhance mechanical interlocking and interfacial bonding between the 

composite layers. 
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Fig. 3.16. The specimen showing (a) the initial 25 mm layer after primary compaction, 

and (b) the same layer after the keying process.  

3.4.1.4. Curing 

After compaction, specimens were demoulded immediately and cured for 28 days 

at 22 ± 1 °C and 55 ± 4% RH. Before MBV testing, specimens were conditioned for 7 

days at 22 ± 1 °C and 30 ± 4% RH to stabilise internal moisture content (Fig. 3.17). 

 

Fig. 3.17. Part of the cured PCM-HLC specimens with different PCM substitution rates. 

3.4.2. Experimental testing 

Mechanical and hygrothermal testing followed the procedures described in 

Section 3.3. 

(a)                                              (b)                       
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3.5. Phase I Experimental Analysis (Chapter 7): Sandwich Block Casting 

This stage developed a multilayer PCM-HLC sandwich panel. The design used 

two PCM-HLC layers with different phase-change ranges and 70% shape-stabilised PCM 

substitution to respond to inward and outward thermal gradients (Fig. 3.18). 

 

Fig. 3.18. Schematic illustration of the sandwich panel design. 

The exterior facings and middle insulation layer encapsulated the PCM-HLC 

layers, added leakage protection, and contributed vapour control, thermal resistance, and 

moisture buffering. The layer arrangement was also used to study how storage and 

insulation functions can be combined in one bio-based assembly. 
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3.5.1. Sample Preparation 

3.5.1.1. Mixing, moulding, and curing 

3.5.1.1.1. Mixing 

Materials for each layer were weighed and mixed separately according to the 

specified layer ratios. The base mixing procedure followed Section 3.3.1.1. 

3.5.1.1.2. Moulding 

A 10 cm × 10 cm × 15 cm acrylic mould was used to cast 10 cm × 10 cm × 10 cm 

sandwich specimens (Fig. 3.19). 

 

Fig. 3.19. 10 cm x 10 cm x 10 cm sandwich PCM-HLC specimen. 

The sandwich specimens were compacted layer by layer so that each functional 

layer reached its target thickness and density. Layer thicknesses followed the proportions 

shown in Fig. 7.1. 

Each fresh layer was initially compacted thicker than its final target thickness to 

account for cumulative densification during later compaction steps. The process 

continued until the full sandwich specimen reached its final dimensions and the intended 

layer proportions. 
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3.5.1.1.3. Curing 

After compaction, specimens were kept in closed containers at 21 ± 1 °C and 55 ± 

4% RH. Because the fresh lime-plaster layer required early strength before handling, 

specimens were demoulded after 48 h and then cured for another 26 days under the same 

conditions [225]. 

3.5.2. SEM 

The microstructure of each layer was examined by SEM using the procedure 

described in Section 3.2.1.7. 

3.5.3. HFMA thermal test  

Thermal properties were measured using the HFMA procedure described in 

Section 3.3.3, and the results are discussed in Section 7.2.3. 

3.6. Phase II Numerical Analysis (Chapter 7): Preliminary Modelling and 

Validation of Sandwich PCM-HLC 

An ANSYS Fluent model was developed to complement the experimental 

sandwich-panel tests. The model was validated against HFMA measurements, followed 

by a mesh-independence study using three mesh sizes. The validated model was then 

used for cold-climate simulations. 

3.7. Phase II Numerical Analysis (Chapter 7): Simulation and Sensitivity Analysis of 

Sandwich PCM-HLC Using Cold-Region Weather Data 

The numerical study evaluated transient thermal response and energy 

consumption for PCM-HLC sandwich wall assemblies under active HVAC control. 

Boundary conditions represented a cold-weather profile for Ottawa, Canada, and 

thermophysical properties were kept consistent with the experimentally validated model. 
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Four parametric design strategies were evaluated using transient temperature 

response and energy consumption: 

• Increasing wall thickness: increasing the insulation layer in 2 cm 

increments to produce 12, 14, and 16 cm total wall thicknesses. 

• Integrating a stagnant air gap: replacing the solid HLC insulation layer 

with an air gap to assess potential energy-savings improvement. 

• Optimising PCM: adjusting the PCM phase-change temperature to identify 

a useful annual operating range. 

• Reducing the PCM layer: comparing the original two-PCM-layer 

assembly with a 10 cm design containing one PCM layer and a thicker 

insulation or air-gap layer. 

These simulations were used to develop climate-specific design guidance for low-

carbon PCM-HLC envelope systems [226]. 
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4. Chapter 4: Material Characterisation and Preliminary Casting 

This chapter establishes the material and mix-design basis for the PCM-HLC 

investigated in later chapters. It characterises hemp shiv morphology, moisture 

behaviour, binder chemistry, fatty-acid PCM thermal properties, and preliminary PCM-

HLC casting performance. 

The chapter's original contribution is the combined use of ImageJ-based shiv 

morphology analysis, moisture retention testing, PCM thermal screening, and two-stage 

preliminary casting to define practical PCM-HLC material limits. 

• Stage I determines the maximum practical PCM substitution level for 

different hemp-shiv sizes using HL as the baseline binder.  

• Stage II then uses this limit to assess whether SCM-modified binders can 

reduce HL content while maintaining cohesion and leakage resistance. 

Together, these stages provide the material selection and mix-design rationale 

used in the mechanical, hygrothermal, and envelope-scale studies that follow. 

The chapter concludes by linking the raw-material results to the PCM-HLC 

formulations selected for Chapters 5-7. 

4.1. Materials and methods 

4.1.1. Hemp shiv  

Hemp shiv used in Chapters 4-7 was supplied by BioComposites Group through 

Terrafibre Products Company (Edmonton, AB, Canada) and stored at 20 ± 2 °C and 55 ± 

5% RH before use. 
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The shiv was mechanically ground to obtain large, medium, and small fractions 

with representative particle lengths of 10.4, 4.8, and 1.5 mm, respectively (Fig. 4.1). 

These fractions enabled particle size to be evaluated as a controlled material variable. 

 

Fig. 4.1. Optical photos of (a) hemp shivs as received; (b) ground medium – sized hemp 

shivs; and (c) ground small – sized hemp shivs. 

Grinding was used not only to reduce size variability but also to expose internal 

pore networks that could affect PCM impregnation and binder contact. The resulting 

fractions were characterised by particle-size distribution, density, moisture-related 

properties, and SEM imaging (Fig. 4.2). 

(a)                           (b)                            (c)                          
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Fig. 4.2. (a) A portion of the hemp shiv sampler awaiting measurements, (b) hemp shiv 

sample used for SEM, and (c, d) particle size distribution analysis before and after 

ImageJ processing. 

4.1.2. Binder 

4.1.2.1. HL 

The primary binder was high-calcium HL (Ca(OH)2) supplied by Graymont Inc. It 

contained 90-100% calcium hydroxide with minor quartz, as reported in Appendix A(a). 

(a)                                                    (b)                                         

(c)                                                            (d)                          
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4.1.2.2.  Supplementary cementitious material (SCM) 

4.1.2.2.1. Slag 

Ground granulated blast-furnace slag (GGBS) Type S was supplied by Lafarge's 

Stoney Creek Plant and met ASTM C989/C989M-24 [160]. Key chemical and physical 

properties are listed in Appendix A(b). 

4.1.2.2.2. Metakaolin 

EnviroPozz metakaolin was supplied by Whitemud Resources Inc. and complied 

with CSA A3000 and ASTM C618 requirements for natural SCMs [227–229]. Its 

properties are listed in Appendix A(c). 

4.1.2.2.3. Silica fume 

MasterLife SF 100 silica fume was obtained from Lafarge's Ottawa facility. Its 

chemical and safety data are provided in Appendix A(d). 

4.1.3. PCMs 

The PCMs were bio-based fatty acids: 98% purity CA, 98% LA, 95% MA, 98% 

PA, and 95% SA, supplied by Sigma-Aldrich/Millipore Sigma Canada Ltd. Their 

physical and chemical properties are provided in Appendix A(e). 

Binary fatty-acid mixtures were prepared from calculated mass ratios by heating 

the components to 80 °C, mixing until homogeneous, cooling to room temperature, and 

storing them in sealed containers. 

The PCM screening focused on identifying phase-change ranges suitable for 

indoor and outdoor building conditions rather than cataloguing every possible fatty-acid 

combination. 
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4.2. Raw Materials Characterisation Results and Discussion 

4.2.1. Hemp shiv particle size distribution 

(i) Noise reduction 

ImageJ analysis required a noise-reduction step because small shiv fragments 

created overlapping particles, shadows, and clustered fibres in scanned images. These 

artefacts were manually excluded to avoid counting merged particles as individual shiv 

fragments (Fig. 4.3). 

 

Fig. 4.3. ImageJ pre – processed hemp shiv image before noise elimination. 

The pixel resolution also set a lower measurement limit. To reduce this error, shiv 

fractions were first sieved and then analysed separately, allowing particle-size statistics to 

be calculated within a more appropriate image scale. 
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(ii) Statistical analysis 

After outlier removal, particle-size distributions were analysed in OriginPro. 

Particle length was defined as the longest measured dimension, and Fig. 4.4 compares the 

distributions of the three mechanically ground shiv fractions. 

 

Fig. 4.4. Particle size distribution of three distinct sizes (large, medium, and small) of 

hemp shivs. 

The D90 particle lengths for large, medium, and small shiv were 10.4, 4.8, and 

1.5 mm, respectively. The corresponding D50 values were 3.6, 2.2, and 0.72 mm. 

The small fraction also had the narrowest length distribution, with a standard 

deviation of ±0.7 mm compared with ±1.6 mm for medium shiv and ±3.9 mm for large 

shiv. This result shows that mechanical grinding improved size uniformity, which is 

important for reproducible PCM uptake and binder demand. 
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4.2.1.1. Implications for HLC design 

These morphology results indicate that small shiv provides the most consistent 

packing basis for PCM-HLC. Large shiv may preserve more intact longitudinal pores, but 

its wider size distribution can increase binder demand and produce less uniform 

composite structure. 

4.2.2. Initial moisture content 

Table 4.1 presents the statistical comparison of the initial moisture content (IMC) 

for three hemp‑shiv sizes: small, medium, and large. 

Table 4.1. Statistical value for the initial moisture content. 

Fraction Mean IMC (%) Median (%) IQR (%) σ (%) CV 

Small 12.6 12.5 11.8–13.2 0.4 0.03 

Medium 9.3 9.1 9.0–9.8 0.5 0.05 

Large 8.4 8.3 7.3–8.7 1.1 0.13 

Fig. 4.5 uses a box‑whisker plot to show the statistical difference between 

different hemp shiv sizes, using the inter‑quartile range (IQR, 25–75%), median line, 

mean, whiskers to 1.5 × IQR, and statistical outliers for IMC. 

 

Fig. 4.5. A box plot showing the initial moisture content for different sizes of hemp shiv. 
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IMC decreased with increasing shiv size. Small shiv had the highest IMC, 

approximately 12.6%, whereas medium and large shiv measured 9.3% and 8.4%, 

respectively. The larger coefficient of variation for large shiv indicates greater moisture 

heterogeneity in the coarser fraction. 

For PCM-HLC batching, this size-dependent moisture content affects water-

demand correction. Unaccounted moisture in fine shiv can increase the effective water-

to-binder ratio, whereas the greater variability of large shiv requires larger or more 

representative sampling. 

Thus, IMC measurement provides a practical control point for mix design. The 

result is integrated with the other moisture findings in the chapter conclusion rather than 

repeated separately in each subsection. 

4.2.3. Water absorption 

Fig. 4.6 illustrates the log‑time absorption profiles of the hemp‑shiv specimens 

tested.  

 

Fig. 4.6. The water absorption profile plotted against the log of time. 
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The mean initial rate of absorption (IRA) ± standard deviation for small, medium, 

and large hemp shiv is 0.07 ± 0.28 g.min⁻¹, 0.49 ± 0.03 g.min⁻¹, and 0.96 ± 0.05 g.min⁻¹, 

respectively. The K1 for small, medium, and large hemp shiv is 0.10 ± 0.004 g.min⁻¹, 

0.06 ± 0.02 g.min⁻¹, and 0.22 ± 0.15 g.min⁻¹, respectively. Each curve is described by the 

water absorption (Wt): Wt = 0.07 + 0.10 Log(t), for a small hemp shiv Wt = 0.49 +

0.06 Log(t), for medium hemp shiv, and Wt = 0.96 + 0.22 Log(t), for a large hemp shiv 

at any given time t between 0 and 2880 minutes.  

The absorption results show that shiv size changes both the rate and variability of 

water uptake. Large shiv absorbed water fastest and showed the greatest long-term 

variability, probably because more intact vascular bundles remain open. Small shiv 

showed lower initial uptake but higher surface-controlled variability, consistent with 

grinding-induced disruption of macro-capillary pathways. 

4.2.4. Moisture retention 

Moisture retention was evaluated by tracking mass loss from saturated shiv during 

oven drying. Fig. 4.7 compares moisture loss over time for the small, medium, and large 

fractions. 

 

Fig. 4.7. Comparative moisture loss percentage over time for different hemp shiv sizes. 
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At saturation, small particles retained the most water, with an average water 

absorption of 1057%, followed by medium and large particles at 540% and 411%. The 

higher retention of small shiv is consistent with its larger specific surface area and 

stronger inter-particle capillary water storage. 

ANOVA with Tukey's HSD test confirmed that small shiv behaved differently 

from the other two fractions. The differences between small and large shiv and between 

small and medium shiv were significant (p = 0.0001 and 0.0002), whereas the medium-

large difference was not significant (p = 0.124). 

The higher water absorption measured here compared with Mahmood et al. [43]  

is mainly methodological. This study used gravitational drainage rather than salad-

spinner removal, so surface-held water between particles was intentionally retained to 

represent moisture exposure conditions closer to building applications. 

Drying occurred in two stages. Rapid surface-water loss dominated the first 12 h, 

followed by slower bound water loss and internal diffusion from 12 to 48 h. Small shiv 

retained more moisture throughout, suggesting that finer particles may enhance humidity 

buffering but also require careful drying and water-demand control. 

The small standard deviations across triplicate tests indicate that the moisture-

retention procedure was repeatable enough to distinguish particle-size effects. 

Overall, the moisture results show that particle-size reduction changes the balance 

between capillary uptake, surface-held water, and drying rate. This balance directly 

affects PCM-HLC mixing water, curing, and later moisture-buffering behaviour. 
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4.2.5. Density of fatty acids 

The supplier-reported fatty-acid densities are summarised in Table 4.2. The solid-

state density is higher than the liquid-state density because molecules are more closely 

packed in the crystalline phase [230, 231]. 

Table 4.2. Density of fatty acids. 

Fatty acids Liquid density (kg/m3) Solid density (kg/m3) 

CA 877 893 

LA 883 1007 

MA 862 990 

PA 852 852 

SA 845 941 

4.2.6. Density of binders 

Binder densities measured by pycnometer are listed in Table 4.3 and were used 

for mix proportioning calculations. 

Table 4.3. Binder density. 

 HL Metakaolin Silica fume Slag 

Average (kg/m3) 2390.4 2622.1 2326.7 2856.3 

Standard deviation 

(kg/m3) 
3.9 5.3 0.8 9.4 

4.2.7. Impurities and fibre content 

Impurity and fibre contents were measured because non-shiv material can alter 

density, water demand, mechanical response, and hygrothermal behaviour [232]. The 

water-separation method of Mahmood et al. [43] was used because it provides a 

repeatable estimate of fibre content in the 2-44% range. 
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All shiv fractions came from a single supplier batch. Fig. 4.8 shows typical fibres 

and impurities recovered from the large-shiv fraction. 

 

Fig. 4.8. An optical photo of sample impurities and fibres. 

Measured impurity contents were 10.02%, 9.99%, and 8.15% for large, medium, 

and small shiv, respectively. Fibre contents were similar across sizes, ranging from 

7.29% to 7.34%. The slight decrease in measured impurity content after grinding may 

reflect reduced visual separation of leaf and root fragments rather than true impurity 

removal. 

The nearly constant fibre content indicates that grinding changed shiv particle size 

more strongly than it changed fibre content. This is expected because fibres tend to 

remain long and entangled under mechanical stress, while shiv fragments are more easily 

shortened. 

For PCM-HLC design, the measured fibre and impurity levels provide a material-

quality baseline. Their variation was small enough that later performance differences can 

be interpreted mainly through shiv size, PCM loading, and binder design rather than raw-

material purity. 
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4.2.8. SEM 

SEM images in Fig. 4.9 show how 70% PCM substitution changed the hemp shiv 

surface and pore structure. Raw shiv contained open vascular bundles and longitudinal 

voids, whereas PCM-treated shiv showed a continuous fatty-acid coating on internal and 

external surfaces. 

 

Fig. 4.9. SEM micrographs (x500 magnification) illustrating (a, b) the untreated, porous 

cellular structure of raw hemp shiv, and (c, d) the morphology following 70 wt% PCM 

impregnations, showing the infilling of vascular bundles by solidified fatty acids as a 

smooth coating on hemp shiv. 

The open cellular structure of untreated shiv explains its high liquid uptake and 

supports its use as a shape-stabilising carrier. These same pores also form potential 

pathways for moisture transport and binder penetration in HLC. 

 (c)                                                      (d) 

 (a)                                                      (b) 
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After PCM impregnation, many visible pores were coated or filled by solidified 

fatty acids. This morphology supports successful PCM retention at high loading, but it 

also indicates why binder contact and moisture exchange may change after impregnation. 

4.2.9. Thermal behaviour 

Table 4.4 summarises the DSC-derived phase-change properties of the single-

component fatty acids, including onset, peak, endset, melting/solidification enthalpy, and 

purity. 
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Table 4.4. The single-component fatty acids’ thermal properties. 

PCM Acronym 
 Melting Solidification 

Purity (%) 𝑇𝑜 (°C) 𝑇𝑚 (°C) 𝑇𝑒 (°C) 𝛥𝐻𝑚 (𝐽. 𝑔−1) 𝑇𝑜 (°C) 𝑇𝑠 (°C) 𝑇𝑒 (°C) 𝛥𝐻𝑠 (𝐽. 𝑔−1) 

Capric acid CA 98 29.67 30.8 31.51 144.64 24.36 26.09 23.87 141.49 

Lauric acid LA 98 42.87 45.86 49.28 163.6 39.23 38.74 33.62 152.91 

Myristic acid MA 95 52.69 54.73 58.1 221.53 50.55 50.76 46.77 231.33 

Palmitic acid PA 98 61.91 64.8 68.48 204.5 59.5 57.9 53.93 204.47 

Stearic acid SA 98 67.82 72.44 77.45 223.01 67.58 65.89 60.91 228.23 
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The single-component fatty acids showed the expected increase in melting 

temperature and latent heat with carbon-chain length. CA had the lowest peak melting 

temperature, approximately 31 °C, while SA had the highest, approximately 72 °C. This 

range confirms that pure fatty acids alone cannot cover all target building-temperature 

windows. 

Across repeated DSC tests, fusion-temperature standard deviations were 0.19-

2.95%, and latent-heat standard deviations were 2.36-6.49%. These variations were 

smaller than reported differences among batches and literature sources, supporting the 

reliability of the measurements for material screening. 

Capric acid was compared across laboratory-scale and bulk supplies because CA 

was a key component in later PCM-HLC formulations. All batches showed onset 

temperatures near 30-31 °C, but the bulk CA had slightly lower phase-change enthalpy, 

probably because of impurity or batch-composition differences. The thermal properties of 

capric acid from different supplies and studies are compared in Table 4.5. 

Table 4.5. Comparison of capric acid properties across different supplies and studies. 

Samples 
Melting 

𝑇𝑜 (°C) 𝑇𝑚 (°C) 𝑇𝑒 (°C) 𝛥𝐻𝑚 (𝐽. 𝑔−1) 

CA_1 30.02 33.03 36.53 152.23 

CA_2 30.37 32.89 36.71 151.88 

CA_10 kg_1 29.67 30.8 31.51 144.64 

CA_10 kg_2 28.08 30.13 31.88 150.94 

CA (Ke, 2017) 31.12 32.71 35.8 166.7 

CA (Sawadogo, 2022) 29.8 30.4  -  140.7 

Literature comparisons in Table 4.5 and Fig. 4.10 show that the measured CA 

values remain within the range expected for commercial fatty acids. Differences from Ke 

[110] and Sawadogo et al. [114]  may reflect purity, heating/cooling rate, pan contact, 

and calibration conditions. 
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Fig. 4.10. Simulated endothermic process based on DSC results and literature for 

comparison across studies. 

These comparisons show why each supplied batch should be characterised before 

use. DSC results are sensitive to purity, sample contact, and scanning rate, so literature 

values alone are not sufficient for quantitative PCM-HLC design. 

Although batch-to-batch variation was present, all CA supplies remained within a 

6% thermal-property range. This degree of variation is acceptable for screening but 

should be considered when scaling from laboratory specimens to larger PCM-HLC 

components. 

Binary mixtures lowered phase-change temperatures relative to the single-

component fatty acids and therefore allowed the PCM range to be tuned toward building-

relevant temperatures. CA-LA reached a peak melting temperature of 25.83 °C with a 

latent heat of 185.43 J/g, while LA-MA showed very similar melting and solidification 

enthalpies, indicating good thermal reversibility. 

The detailed phase-change properties of the binary mixtures are listed in Table 

4.6.
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Table 4.6. Thermal properties of binary fatty acids. 

Mass Proportions Acronym 

 Melting Solidification 

Purity (%) 𝑇𝑜 (°C) 𝑇𝑚 (°C) 𝑇𝑒 (°C) 𝛥𝐻𝑚 (𝐽. 𝑔−1) 𝑇𝑜 (°C) 𝑇𝑠 (°C) 𝑇𝑒 (°C) 𝛥𝐻𝑠 (𝐽. 𝑔−1) 

68.3%  -  31.7% CA – LA 98 19.36 25.83 36.22 185.43 14.19 11.34 4.6 58.323 

77.6%  -  22.4% CA – MA 96.82 23.39 32.98 45.11 109.51 9.29 5.3  - 3.05 87.86 

80.5%  -  19.5% CA – MA 96.82 22.82 24.83 32.04 116.31 21.05 7.96 -7.67 111.12 

87.8%  -  12.2% CA – MA 96.82 19.56 24.04 31.09 120.77 18.79 16.39 10.92 114.7 

20.8%  -  79.2% LA – MA 95.93 36.45 53.14 67.21 154.98 40.85 29.87 17 166.33 

29.8%  -  70.2% LA – MA 95.93 33.35 43.21 52.74 125.772 29.61 25.27 13.4 120.984 



 

85 

 

4.2.10. XRF 

XRF results in Table 4.7 confirm the chemical basis for binder proportioning. HL 

supplied the calcium-rich phase, slag provided both CaO and SiO2, metakaolin supplied 

reactive silica and alumina, and silica fume provided highly concentrated SiO2. These 

differences informed the SCM replacement strategy used in Stage II. 
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Table 4.7. Chemical compositions of binders [22].  

Materials (Mass %) Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 

HL 0.024 0.714 0.249 1.456 0.008 0.09 72.8 0.037 0.007 0.155 

Slag 0.373 11.822 10.204 36.803 0 0.494 37.825 1.438 0.159 0.434 

Metakaolin 0.11 0.435 27.874 65.142 0.017 1.773 0.312 0.669 0.006 1.225 

Silica Fume 0.102 0.212 0.059 93.072 0.065 0.398 0.699 0.012 0.029 0.845 
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4.3. Preliminary casting of PCM-HLC 

4.3.1. Stage I: Maximum PCM Substitution Determination 

The objective of Stage I was to identify the highest PCM substitution level that 

could still produce a cohesive, handleable, and leakage-resistant PCM-HLC. HL was 

used as the baseline binder because it is widely available in Canada and is a conventional 

binder for HLC [233–235]. 

Large, medium, and small shiv fractions were impregnated with increasing PCM 

substitution levels using the vacuum impregnation method (Fig. 4.11). 

 

Fig. 4.11. (a) Vacuum impregnation of PCM into hemp shivs, (b) SS-PCM-large hemp 

shiv at 70% substitution level, and (c) SS-PCM-small hemp shiv at 70% substitution 

level. 

The casting began at 30% PCM substitution because this value was close to the 

highest PCM content reported in the literature after conversion to the substitution basis 

used here [114]. Substitution levels above 70% repeatedly caused practical failures, 

including leakage during thermal cycling, incomplete curing, or loss of specimen 

integrity after demoulding. Representative cohesion and leakage outcomes for PCM-HLC 

are illustrated in Fig. 4.12. 

 (a)                                            (b)                                                   (c) 
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Fig. 4.12. A PCM-HLC specimen that (a) maintained its shape after the cohesion test, (b) 

lost < 1% particles, (c) had an intact surface, but (d) leaked after the leakage test. 

These failures indicate an engineering limit rather than only a material-storage 

limit. Beyond 70% substitution, the composite became dominated by PCM, and the 

binder network was insufficient to maintain stable particle contact and leakage resistance. 

Therefore, 30-70% PCM substitution was selected as the practical investigation 

range. The 70% level was carried forward because it was the highest loading that 

combined high latent-storage potential with stable casting performance under the tested 

conditions. 

 

 (a)                       (b)                                 (c)                                (d)         
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4.3.1.1. Results and discussion 

SEM imaging confirmed that PCM was distributed across the shiv surface after 

impregnation (Fig. 4.13), supporting the use of hemp shiv as a shape-stabilised PCM 

carrier. 

 

Fig. 4.13. SEM micrographs of the hemp shiv post-impregnation: (a) surface morphology 

of hemp shiv at x500 magnification and (b) PCM coating on hemp shiv at x2500 

magnification. 

Table 4.8 summarises casting viability across shiv size, PCM substitution level, 

and hemp-to-binder ratio. The PCM substitution levels correspond to 0.4, 0.6, 1.0, 1.5, 

2.33, 4.0, and 9.0 parts PCM per part hemp shiv. 

 

 

 

 

 

 (a)                                                                 (b) 
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Table 4.8. Evaluation of casting viability of PCM-HLC across varying hemp shiv sizes, 

PCM, and binder ratios. 

Hemp Shiv 

Size 

Hemp:HL 

Ratio 

30% 

PCM 

40% 

PCM 

50% 

PCM 

60% 

PCM 

70% 

PCM 

Small 

1:1 ✓ ✓ ✓ X X 

1:2 ✓ ✓ ✓ ✓ X 

1:3 ✓ ✓ ✓ ✓ ✓ 

Medium 

1:1 ✓ X X X X 

1:2 ✓ ✓ ✓ X X 

1:3 ✓ ✓ ✓ ✓ X 

Large 

1:1 ✓ X X X X 

1:2 ✓ ✓ X X X 

1:3 ✓ ✓ ✓ ✓ X  

Note: ✓ indicates successful curing, shape retention, and no visible leakage during 

handling. X indicates curing failure, shape loss, or leakage. 

The H:B ratio strongly controlled cohesion. At H:B = 1:1, most mixtures failed 

when PCM substitution exceeded 30%, whereas H:B = 1:3 allowed all shiv sizes to 

incorporate at least 60% PCM. The higher binder content provided a more continuous 

matrix around PCM-loaded shiv particles. 

Shiv size set the upper PCM limit. At H:B = 1:3, small shiv remained stable at 

70% PCM substitution, while medium and large shiv failed at lower loadings. The finer 

fraction likely improved binder distribution and PCM retention by increasing surface area 

and reducing large inter-particle voids. On this basis, small shiv and 70% PCM 
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substitution were selected for subsequent chapters as the highest practical loading 

condition. 

4.3.2. Stage II: Development of SCM-Modified Hybrid Binders 

Stage I showed that high PCM loading required substantial HL to maintain 

cohesion. However, high HL content can delay curing, increase embodied carbon, reduce 

moisture-buffering potential, and may interact with fatty acid PCMs [236]. 

Stage II therefore tested whether SCM-modified binders could maintain cohesion 

at the Stage I limit of 70% PCM substitution using small shiv and H:B = 1:3. 

Slag, silica fume, and metakaolin were selected because they can partially replace 

HL while providing reactive silica and/or alumina. Testing at 70% PCM was 

intentionally conservative: a binder that remained stable at this upper limit was expected 

to remain feasible at lower PCM contents. 

Binder proportions were designed using the molar-ratio method [237, 238]. The 

method uses oxide ratios to compare lime-SCM chemistry and to target mixtures capable 

of forming calcium silicate hydrate and calcium aluminate hydrate phases. The adjusted 

chemical and molar compositions of the binder mixes are given in Table 4.9.
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Table 4.9. Chemical and molar composition of binder mixes adjusted for constant CaO/SiO2 stoichiometry. 

Binder mix 

design 
HL : SCM (wt%) CaO/SiO₂ SiO₂/Al₂O₃ CaO/Al₂O₃ 

Clay content 

(SiO₂ + Al₂O₃) 

(mol) 

HL:slag 50 : 50 3.00 6.22 18.66 0.36 

HL:metakaolin 74 : 26 3.00 4.08 12.23 0.37 

HL:silica fume 80 : 20 3.00 762 2287 0.32 

†The dominant oxides include Na₂O + K₂O + MgO + CaO, the total oxides are the sum of basic + amphoteric oxides. 
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A target CaO/SiO2 molar ratio of 3.0 was selected to balance reactivity, 

alkalinity, and comparability with the literature. This ratio preserves sufficient HL to 

support mould resistance during humid curing, while allowing meaningful SCM 

replacement. It also gives a metakaolin replacement level within the 20-30% range 

commonly studied in lime-SCM binders. 

4.3.2.1. Results and discussion 

All binder designs formed cohesive fresh-state test balls, as illustrated in Fig. 

4.14. 

 
Fig. 4.14. Optical illustration of a test ball that retained its shape.  

After curing, internal cohesion differed among binders, as shown by the particle-

loss examples in Fig. 4.15. 
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Fig. 4.15. Example of (a, b) excellent cohesion (particle loss < 1%), and (c, d) good 

cohesion (1% < particle loss < 5%). 

The cured-specimen cohesion test showed the clearest distinction among SCMs. 

Silica fume and metakaolin produced excellent cohesion, with mass losses of 0.08% and 

0.41%, respectively, compared with 3.93% for slag. Although all mixes met baseline 

stability and leakage requirements, silica fume and metakaolin were selected for later 

stages to reduce handling-related material loss. 

SEM was used to interpret these cohesion differences. Because high PCM 

contents mask binder morphology with fatty-acid coatings, control specimens without 

PCM were examined to compare the binder matrices directly (Fig. 4.16). 

 (a)                                                           (b)                          

 (c)                                                           (d)                          
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Fig. 4.16. SEM micrographs x300 magnification illustrating the morphology of HLC 

binder matrices without PCM: (a) Slag-based HLC, (b) metakaolin-based HLC, (c) silica 

fume-based HLC, and (d) HL-only HLC. 

Compared with the HL-only matrix, SCM-modified binders produced denser 

surface topographies with fewer visible microcracks [239]. The slag-based matrix 

remained relatively granular and heterogeneous, which is consistent with its higher mass 

loss in the cohesion test. 

The metakaolin matrix appeared denser and more continuous than the slag matrix. 

This morphology may reflect its reactive aluminosilicate content and helps explain the 

low mass loss observed in the cohesion test. 

(a) (b) 

(c) (d) 
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The silica-fume matrix showed the finest and most continuous coating around 

hemp shiv. Its very fine particles probably acted as micro-fillers, reducing microvoids 

and improving local binder continuity. 

Together, the cohesion and SEM results indicate that SCM selection affects the 

continuity of the hemp-binder matrix at high PCM loading. The most important practical 

outcome is that silica fume and metakaolin both provided sufficiently cohesive matrices 

for later PCM-HLC testing. 

The two selected binders were therefore treated as practical alternatives rather 

than ranked solely by the small difference in mass loss. This interpretation is consistent 

with literature suggesting that SCM choice may have limited influence on bulk HLC 

properties once adequate binder cohesion is achieved [240]. 

4.4. Summary 

This chapter established the raw-material and preliminary casting basis for the 

thesis. ImageJ analysis showed that small ground shiv had the most uniform particle-size 

distribution, while moisture tests showed that fine shiv retained more water and required 

careful batching control. SEM confirmed that hemp shiv can act as a shape-stabilised 

carrier for fatty-acid PCM, but the PCM coating also changes the surfaces available for 

binder contact and moisture exchange. 

Preliminary casting identified 70% PCM substitution in small shiv at H:B = 1:3 as 

the maximum practical loading under the tested conditions. Above this level, leakage, 

curing failure, or loss of specimen integrity made the composites unsuitable for further 

study. Stage II then showed that silica fume and metakaolin could replace part of the HL 

while maintaining excellent cohesion at this upper PCM limit. These findings define the 

material system used in Chapters 5-7 and provide a practical framework for balancing 

PCM storage, binder demand, cohesion, and sustainability in PCM-HLC design. 
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5. Chapter 5: Casting direction and specimen-size effects of PCM-HLC 

5.1. Novelty and contributions 

Accurate interpretation and inter-study comparison of bio-composite data require 

a clear understanding of how casting direction and specimen scale affect measured 

properties. These factors have been examined for conventional HLC, but their effects in 

PCM-HLC, particularly formulations using finely ground hemp shiv, remain less 

established. This chapter therefore evaluates casting direction and specimen size as 

experimental variables, with emphasis on thermal anisotropy, mechanical size effects, 

and hygrothermal performance. 

Thermal anisotropy is a persistent issue in HLC. Previous studies report up to a 

50% difference in thermal conductivity between casting directions when large hemp 

shivs (>10 mm) are used. PCM impregnation may further modify this response because 

the PCM occupies part of the hemp-shiv pore structure and changes phase during heating 

and cooling. In this chapter, the use of reduced-size hemp shiv was associated with a 

much smaller directional difference in thermal conductivity, even at 70% CA 

substitution. This result suggests that reducing shiv aspect ratio may help limit thermal 

anisotropy in PCM-HLC, although the internal distribution of PCM and pores was not 

directly measured in this chapter. 

Beyond material properties, this chapter contributes to standardizing bio-

composite testing protocols, an important step for industrial adoption. By isolating 

specimen thickness and size (50 mm versus 100 mm cubes) as primary variables, the 

results show that stiffness remained relatively stable, whereas ultimate failure strength 

was more sensitive to specimen scale. The 50 mm cubes showed a 27.24% higher 

strength than the larger standard size under the tested conditions. Although a universal 

correction factor would require wider multi-laboratory validation, these results provide an 

empirical basis for comparing compressive-strength data obtained from different 

specimen geometries. 
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Previous studies on standard bio-composites have reported that binder segregation 

can affect moisture transport. In the present PCM-HLC specimens, high PCM loading did 

not eliminate the observed influence of casting direction on MBV. The faster stabilization 

of vertically cast samples is consistent with the exposure of more porous side faces 

during testing, as suggested by the casting geometry and by explanations reported in the 

literature. These findings indicate that casting orientation should be considered when 

designing wall assemblies intended to support passive humidity regulation. 

This work also highlights a possible distinction between PCM loading density and 

compaction density. The specimens reached dry densities near 400 kg/m³ while retaining 

an "excellent" Nordtest MBV classification. This observation suggests that mass added 

through PCM filling of hemp-shiv pores may not reduce moisture buffering in the same 

way as mechanical densification that closes transport macropores. This interpretation 

remains a working hypothesis because pore connectivity and PCM distribution were not 

directly quantified. 

The following sections describe the sample development process and the 

experimental methods used to characterize compressive strength, elastic modulus, 

thermal conductivity, SHC, and MBV. The results are then interpreted with attention to 

the distinction between measured trends, literature-supported mechanisms, and proposed 

explanations. The work presented in this chapter is intended for later peer-review 

submission. 

5.2. Sample development 

5.2.1. Raw materials  

HL, metakaolin, and small – sized hemp shivs with 70% PCM substitution rate, as 

described in Section 4.1, were used.  
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5.2.2. Compositions of PCM-HLC samples 

A binder composed of 74% HL and 26% metakaolin was used in this study, as 

discussed in Section 4.3.2.  

5.3. Results and discussion 

5.3.1. Compressive strength 

When evaluating low-strength construction materials such as HLC, compressive 

strength testing provides useful evidence of relative performance and quality, even when 

the material is not intended for load-bearing use. For non-structural applications, 

compressive strength indicates the material's ability to withstand handling, installation, 

and integration within a building assembly. 

Fig. 5.1 shows the stress– strain curve of PCM – hemp – lime specimens under 

continuous uniaxial compression.  

 

Fig. 5.1. Stress-strain analysis of compressive strength across varying sample orientations 

and dimensions. 
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The stress – strain curves indicated significant deformability prior to failure, with 

strains ranging from approximately 0.038 to 0.059 mm/mm. Post – failure, the internal 

structure was destroyed, while the external shape remained largely intact, only showing 

cracks and some particles falling from the samples. The stress – strain curve shows three 

distinct stages:  

(i) Compaction stage: This initial phase is characterized by a nonlinear, 

changing slope as the compression platen engages surface irregularities 

and microcracks within the specimen, which are closed. The deformation 

during this stage is primarily governed by the sample's surface planarity 

and the porous matrix's inherent compressibility. 

(ii) Linear elastic stage: Once the initial compressible voids are eliminated, 

the material exhibits a consistent, upward-sloping stress – strain response. 

In this region, the slope remains relatively constant, reflecting the 

composite's elastic modulus.  

(iii) Shear failure stage: Initiated upon reaching the elastic limit, this stage 

involves the irreversible propagation of cracks until the ultimate 

compressive strength is attained. This is followed by a loss of stress as the 

internal structure undergoes failure.  

Fig. 5.2 illustrates the typical mechanical response of a PCM-HLC specimen 

during a uniaxial compressive strength test. The left figure captures the initial compaction 

stage, where the compression platen contacts the specimen's surface, beginning to close 

internal microcracks and compress surface irregularities, creating initial cracks in the 

samples. The figure on the right depicts the specimen at the failure stage, characterized 

by the irreversible propagation of macrocracks and localized spalling of hemp shiv 

particles. 
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Fig. 5.2. Visual observation of the PCM-HLC compressive strength test (left) initial 

contact and compaction stage; (right) progression of surface cracking and localized 

spalling at the ultimate failure stage. 

Table 5.1 presents the densities, compressive strength, and modulus of elasticity 

(E) for three specimens per mix design, along with their coefficients of variation. 

Compressive strengths ranged from 0.04 to 0.06 MPa, and Young’s modulus ranged 

between 1.01 and 1.84 MPa. In this study, the coefficient of variation (COV) was used to 

describe the statistical relationships between the sample’s mechanical properties and other 

factors.  
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Table 5.1. Mechanical properties of PCM-HLC specimens (Mean ± SD). 

Sample 

Group 

Density 

(kg/m3) 

COV 

(%) 

Compressive 

strength (MPa) 

COV 

(%) 
E (MPa) 

COV 

(%) 

Horizontal 

100 mm 
404 ± 4.50 1.11% 0.045 ± 0.003 7.01% 1.64 ± 0.17 10.59% 

Vertical 

100 mm 
409 ± 5.92 1.45% 0.043 ± 0.004 9.24% 1.31 ± 0.07 5.55% 

Horizontal 

50 mm 
412 ± 4.25 1.03% 0.058 ± 0.002 3.66% 1.58 ± 0.02 1.32% 

Vertical 

50 mm 
405 ± 4.61 1.14% 0.047 ± 0.003 5.71% 1.04 ± 0.04 4.37% 

The highest strength and elastic modulus were observed for the highest-density 

specimens in the horizontally cast 50 mm group, whereas the lowest values occurred in 

the lowest-density specimens in the vertically cast 100 mm group. The relatively low 

compressive strength values are consistent with the incorporation of soft fatty acids and 

with the limits of vibration compaction for this formulation. 

Vibration compaction densifies the mixture primarily through gravitational 

settlement and vibration-induced rearrangement. In reference HLC without PCM, the 

lower density of untreated hemp shiv limited the attainable vibration-compacted density 

to approximately 200 kg/m³, consistent with Mahmood et al. [43]. This value is about 

half of the dry density measured for the PCM-HLC specimens in this study 

(approximately 400 kg/m³). Therefore, reference HLC and PCM-HLC should not be 

compared solely at equal nominal compaction conditions. In this chapter, the 

compressive tests are used mainly to compare specimen size and testing direction within 

the PCM-HLC system. 
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For PCM-HLC, size effects were evident. The 50 mm cubic specimens exhibited 

10-27% higher compressive strength, depending on loading direction, and a more 

pronounced linear elastic region than the larger specimens. When loading was 

perpendicular to the compaction direction, reducing the cube size from 100 mm to 50 mm 

increased strength by 10% (0.043 to 0.047 MPa) but reduced elastic modulus by 20% 

(1.30 to 1.04 MPa), with a density decrease of less than 1% (409 to 405 kg/m³). When 

loading was parallel to the compaction direction, reducing the cube size increased 

compressive strength by 27% (0.05 to 0.06 MPa), while elastic modulus changed by 

about 4% (1.58 to 1.64 MPa) and density increased by 2% (404 to 412 kg/m³). 

Casting direction affected the 50 mm cubes more than the 100 mm cubes, 

indicating that directional mechanical response was size-dependent. The strength 

difference between loading directions was 23% for the 50 mm cubes and 5% for the 100 

mm cubes. Because the formulation used fine hemp shiv particles, which are less likely to 

create strong particle-orientation effects than long shivs, the observed directionality may 

be associated more with compaction-induced structure than with hemp-shiv alignment. 

This interpretation is indirect because the orientation of particles, pores, and PCM was 

not measured. 

For the 50 mm cubes, the higher strength and density suggest that the smaller 

mould volume may have allowed more effective vibration compaction under the selected 

vibration time and frequency. One potential explanation is that compaction created more 

continuous horizontal interfaces or void patterns along the compaction direction. If these 

interfaces were present, they could help explain the higher strength when loading was 

parallel to compaction and the earlier shear failure when loading was perpendicular. 

However, this proposed mechanism should be treated as a hypothesis, because void 

morphology and PCM distribution were not directly observed. 

In the 100 mm cubes, the lower strength and smaller directional difference 

suggest a weaker size effect under the same compaction procedure. The larger mould 
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volume may have reduced the efficiency of vibration energy transfer or increased the 

likelihood of more heterogeneous internal defects. These factors could produce a lower-

strength response that appears more isotropic at the specimen scale. Further imaging or 

density profiling would be needed to confirm whether this behaviour is controlled by 

void distribution, PCM arrangement, or binder continuity. 

5.3.2. Sample densities for hygrothermal properties 

Table 5.2 presents the average dry density and corresponding coefficient of 

variation (COV) for each mix design of the samples used for hygrothermal properties.  

Table 5.2. The average dry density for various compaction directions and thicknesses.  

Specimen ID 

Average 

dry density 

(kg·m⁻³) 

Upper 

error 

bound 

Lower 

error 

bound 

Coefficient 

of variation 

(%) 

Horizontal compaction, 

150x150x50 mm mould 
401.4 2.96  - 2.46 0.56 

Horizontal compaction, 

150x150x80 mm mould 
397.04 3.52  - 3.26 0.7 

Vertical compaction, 

150x80x150 mm mould 
401.78 0.72  - 0.94 0.17 

These values were calculated from specimen’s oven – dried to a constant mass 

(less than 0.1% change). To ensure accuracy, each specimen was weighed three times, 

and the average of the three readings was recorded. As significant variations in sample 

density can affect the investigation of other contributing factors, the low-density 

variations among the samples in this study allow for an accurate assessment of the effects 

of casting direction and thickness. The average dry density of the HLCs used for thermal 

conductivity tests was 400.07 kg/m³ with a COV of 0.75% across different moulds. The 

value was calculated from specimens with an average dry density ranging from 397.04 to 
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401.78 kg/m³, each exhibiting a COV of less than 1%. This consistency affirms the 

reliability of the trends observed in the MBV tests across cycles. 

The densities obtained in this study were higher than the 140-200 kg/m³ values 

previously reported for vibration-compacted HLC without PCM [43]. They are, however, 

comparable to densities reported for HLC without PCM produced using other compaction 

methods, typically 300-800 kg/m³ [161, 186, 226, 241]. This difference is consistent with 

the high PCM substitution rate (70% by mass of hemp shiv), which adds mass within the 

hemp-shiv pore structure and increases composite density. 

The higher binder-to-hemp ratio required for PCM-HLC may also have 

contributed to the increased density because additional binder can occupy part of the void 

volume. The low COV is consistent with the use of standardized small hemp shiv 

particles and a repeatable vibration procedure, which together improved specimen 

consistency. Because density is a primary factor influencing HLC properties [24, 41, 42, 

53, 186, 194], the low density variation in this chapter supports a more focused 

assessment of casting direction and thickness. 

5.3.3. Thermal properties 

5.3.3.1. Thermal conductivity and PCM phase transition 

The thermal conductivity of the PCM-HLC specimens was measured at mean 

temperatures of 12.5 °C, 22.5 °C, 32.5 °C, and 40 °C between the hot and cold plates of 

the heat flow meter (HFM), as shown in Table 5.3.  

Table 5.3. Experimental HFM temperature settings for thermal testing. 

Mean temperature (°C) Hot plate temperature (°C) Cold plate temperature (°C) 

12.5 20 5 

22.5 40 5 

32.5 45 20 

40.0 55 25 
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The resulting thermal conductivity values ranged from 0.0727 W/(m·K) to 0.0918 

W/(m·K), as shown in Fig. 5.3. 

 

Fig. 5.3. Thermal conductivity vs. temperature relationship. 

The HFM test results showed low COVs of 2.82%, 8.31%, and 5.79% for 

Horizontal 50 mm, Horizontal 80 mm, and Vertical 80 mm, respectively. This low 

variability is attributed primarily to the reduced influence of hemp particle heterogeneity 

and to the consistent dry density observed across specimens.  

The consistency of the HFM results supports comparison with previous studies. 

Conventional HLC without PCM commonly shows an approximately linear increase in 

thermal conductivity with mean testing temperature [43], partly because the conductivity 

of entrapped air increases from 0.0253 W/(m·K) at 12.5 °C to 0.0268 W/(m·K) at 32.5 °C 

[242]. In contrast, the PCM-HLC results in Fig. 5.3 showed a nonlinear response, 

particularly for the 80 mm specimens. The lower-than-expected conductivity at a mean 

temperature of 32.5 °C may be related to PCM phase transition during HFM testing. At 
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this mean temperature, the hot plate is at 45 °C and the cold plate is at 20 °C, so the 

specimen likely contains a thermal gradient in which material near the hot plate is at least 

partly liquid while material near the cold plate remains solid. 

This interpretation is supported by the lower thermal conductivity of liquid capric 

acid (K approximately 0.141 W/(m·K)) compared with its solid state (K approximately 

0.372 W/(m·K)) [243]. As the melting region develops through the sample thickness, an 

increasing fraction of the lower-conductivity liquid phase could offset the expected 

conductivity increase from air and the solid matrix. 

The nonlinear plateau was less pronounced in the horizontal 50 mm specimen. A 

possible explanation is that the thinner specimen had a shorter heat-transfer path and a 

smaller total PCM volume relative to its exposed area. These conditions may have 

changed the proportion of solid and liquid PCM during testing, producing an offsetting 

effect of different magnitude from that in the 80 mm specimens. 

The phase transition may therefore influence the measured composite 

conductivity through two linked effects. First, latent heat absorption can slow the 

temperature rise within the specimen. Second, liquid-state CA is less conductive than 

solid-state CA. Together, these effects may explain the reduced conductivity at 32.5 °C 

and the plateau between 22.5 °C and 32.5 °C. At 40 °C, beyond the phase-transition 

range, continued warming of air and liquid PCM is consistent with the renewed upward 

trend. This pattern agrees with [64], although the larger percentage increases observed 

here may reflect the higher CA substitution rate in the present PCM-HLC. 

The average thermal conductivity of the PCM-HLC was calculated from four 

testing temperatures: 12.5 °C, 22.5 °C, 32.5 °C, and 40 °C. Values ranged from 0.07272 

W/(m·K) to 0.09181 W/(m·K). Fig. 5.4 compares the dry densities and average thermal 

conductivities from this study with selected literature values. 
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Fig. 5.4. The correlation of dry density and thermal conductivity. 

This study's average thermal conductivity values (0.0753-0.0826 W/(m·K)) fall 

within the 0.06-0.18 W/(m·K) range reported for HLC without PCM at densities of 200-

800 kg/m³ [170, 244]. The dry densities measured here were higher than some previous 

values because replacing 70% of porous hemp shiv with dense PCM increased mass 

within the same specimen volume. Therefore, density alone may not be sufficient for 

comparing thermal performance between conventional HLC and PCM-HLC. Compared 

with Gencel et al. [139], who reported 0.181 W/(m·K) for a hemp-gypsum composite 

with 35% SS-PCM and a density of 950 kg/m³, the lower conductivity measured here is 

plausibly related to differences in density, binder system, aggregate structure, and PCM 

content. 

Unlike the near-linear density-thermal conductivity relationship reported in [11], 

the present results showed only small differences among casting directions. The vertical 

80 mm specimen had the highest density, followed by the horizontal 50 mm and 

horizontal 80 mm specimens. A simple density-based prediction would therefore suggest 
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the highest thermal conductivity for the vertical 80 mm specimen. However, its measured 

thermal conductivity (0.079 W/(m·K)) was 4% lower than that of the horizontal 80 mm 

specimen (0.083 W/(m·K)). Given the systematic uncertainty and COV, this difference 

falls within the margin of experimental error. Therefore, no strong directional thermal-

conductivity effect should be inferred from this comparison. 

Compared with the approximately 50% directional difference reported for 

conventional HLC made with regular hemp shiv [161], the 4% difference observed here 

indicates that casting direction had negligible practical impact on thermal conductivity 

for this specific ground-shiv PCM-HLC formulation. The result is consistent with the 

interpretation that reduced shiv size can limit thermal anisotropy, as reported by 

Mahmood et al. [43], who found that reducing hemp particle size from 4.52 mm to 0.72 

mm decreased the directional difference in thermal conductivity from 6.8% to 1.2%. In 

this chapter, the presence of fatty acids did not appear to reverse that trend. 

The inclusion of 50 mm and 80 mm specimens allowed an assessment of 

thickness effects. Literature suggests that thinner specimens can yield slightly lower 

apparent thermal conductivity due to thermal contact resistance and edge effects [245, 

246]. In this study, the horizontal 50 mm specimen (0.0753 W/(m·K)) was 8.8% lower 

than the horizontal 80 mm specimen (0.0826 W/(m·K)), despite having a 1.1% higher 

density. Because density differed by only approximately 1% (401.4 versus 397.0 kg/m³), 

the observed conductivity difference may reflect experimental factors such as contact 

resistance rather than a fundamental material change. Within the tested range, thermal 

conductivity was therefore relatively stable across specimen thickness. 
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5.3.3.2. Specific heat capacity (SHC) and PCM phase transition  

Fig. 5.5 compares the SHC from this study with those in the literature.  

 

Fig. 5.5. Comparison of specific heat capacity results in this study and in the literature. 

SHC values obtained from the HFM were consistent, with COVs of 0.4-5.4% at 

each testing temperature. The horizontal 50 mm sample had the lowest COV, 1.6% at 

20 °C and 0.4% at 30 °C. The horizontal 80 mm sample had COVs of 3.0% at 20 °C and 

5.0% at 30 °C, while the vertical 80 mm sample had COVs of 5.4% at 20 °C and 3.7% at 

30 °C. The slightly higher COVs for the 80 mm specimens may reflect the greater 

material volume and the associated variability in PCM distribution. 

At approximately 20 °C, SHC values ranged from 678 to 725 J/(kg·K). These 

values are comparable to literature values for HLC without PCM, including 933 J/(kg·K) 

at approximately 200 kg/m³ reported by Mahmood et al. [43], 385 J/(kg·K) at 

approximately 400 kg/m³ reported by de Bruijn et al. [247], and 1146 J/(kg·K) at 

approximately 490 kg/m³ reported by Ferroukhi et al. [248]. At 30 °C, PCM phase 

transition became the dominant contributor to SHC. In this study, SHC increased by 78-
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84% to 1207-1336 J/(kg·K), whereas HLC without PCM at approximately 490 kg/m³ 

increased by 9% to 1253 J/(kg·K) in Ferroukhi et al. [248]. The high SHC at 30 °C 

provides experimental evidence of latent heat storage in the PCM-HLC. Differences from 

literature values may also reflect mix design, testing apparatus, methodology, and 

specimen size. 

Both thermal conductivity and SHC increased with testing temperature, consistent 

with [62, 120]. The horizontal 80 mm sample's SHC was 2% higher than the vertical 80 

mm sample at 30 °C (1335 versus 1312 J/kg·K), which is too small to support a strong 

directional conclusion when the ±7% systematic uncertainty associated with specimen 

dimension tolerances is considered [249]. Differences between the 50 mm and 80 mm 

specimens were larger, but these may reflect sample thickness, total PCM mass, and 

measurement variability rather than a verified thickness effect. Overall, the measured 

data support the conclusion that latent heat storage during PCM phase transition 

dominates the SHC response, while density, thickness, and casting orientation are 

secondary within the tested range. 

5.3.4. Moisture buffering capacity 

Moisture buffering ability plays a critical role in regulating indoor humidity 

fluctuations. The MBV results for each configuration are presented in Fig. 5.6. In this 

study, the MBV of HLCs was evaluated over 8 hygroscopic cycles for three formulations 

incorporating small hemp shiv particles, with varying casting direction and thickness.  
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Fig. 5.6. Box chart of MBV of HLC over 8 cycles, with density and its upper and lower 

error bounds shown in red, and quasi – steady state MBV shown in green.  

All samples demonstrated excellent moisture buffering capacity, with quasi-

steady average MBV values from three consecutive steady cycles ranging from 2.27 to 

2.80 g/(m²·%RH). According to the Nordtest classification, materials with MBV values 

above 2.0 g/(m²·%RH) are considered to have excellent buffering performance [223]. 

Even allowing for the relative humidity uncertainty associated with laboratory 

temperature fluctuations [250], the PCM-HLC specimens remained in this category. The 

values also align with or exceed reported ranges for HLC and PCM-HLC, including 1.82-

3.02 g/(m²·%RH) [251], 2.23 ± 0.23 g/(m²·%RH) for PCM-HLC [64], and 2.06-2.53 

g/(m²·%RH) [43]. Thus, 70% CA substitution did not prevent the material from 

maintaining moisture-buffering performance comparable to conventional HLC. 
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MBV performance must be interpreted alongside dry density. Earlier literature 

generally shows that lower-density hemp-lime composites have higher permeability and 

can support faster moisture transfer [252], whereas greater mass can also increase the 

absolute amount of moisture retained when accessible porosity remains available. In the 

present chapter, density variation within each specimen group was small, so density is 

unlikely to be the sole driver of MBV differences. Fig. 5.7 illustrates the density change 

in samples exposed to cyclic humidity, starting at 33% RH. 

 

Fig. 5.7. Density changes of the HLC (including the weight of the tape) measured 

following the NORDTEST procedures. 

Regardless of casting direction and thickness, all samples exhibited similar 

patterns of mass and density change. The mass variation comprised two distinct phases: 

an increase due to moisture uptake during the 75% RH period, and a decrease due to 

moisture release during the 33% RH phase. 
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MBV is calculated from the first and last mass measurements in each cycle, and 

the uptake moisture buffering capacity for each cycle is shown in Fig. 5.8. 

 

Fig. 5.8. Moisture buffering capacity with cycles 

Unlike the high-initial-then-lower MBV trend reported for hemp concrete by 

Mahmood et al. [43], the first two cycles in this study showed relatively low MBV 

values, from 1.05 to 2.44 g/(m²·%RH), followed by a gradual increase to steady state by 

cycle 3. One potential explanation is that oven drying left PCM-treated surfaces initially 

less favourable for moisture uptake because of the hydrophobic fatty-acid phase. As 

repeated humidity cycling progressed, accessible pores may have become progressively 

conditioned with moisture, allowing the specimens to reach MBV values similar to 

regular hempcrete without fatty acids. Direct measurements of pore water distribution 

would be needed to confirm this mechanism. 

If moisture-cycling conditions were unchanged and the specimens remained 

intact, the quasi-steady MBV would be expected to remain stable. Instead, MBV 

decreased after the sixth cycle, likely because repeated removal and weighing caused 

abrasion and particle loss. Although the three contact surfaces were sealed with tape and 

the specimens were handled carefully, small particles detached during measurement. This 
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behaviour is consistent with a relatively loose vibration-compacted structure and weak 

local particle bonding. Because all three specimen groups showed particle loss around the 

sixth cycle, the decrease is more likely to reflect handling damage during the test than a 

true change in moisture-buffering capacity. 

Casting direction influenced the early MBV response. Mahmood et al. [43] 

reported that reducing hemp shiv size can reduce directional dependency in moisture 

transport for conventional HLC. However, the PCM-HLC specimens in this study, which 

used similarly small ground hemp shiv, still showed faster initial uptake when cast 

vertically. A literature-supported explanation is binder segregation during casting. 

Nguyen et al. [161] reported that binder can settle toward the bottom of a mould, creating 

a denser and less permeable layer. In horizontally cast samples, the MBV-tested face 

corresponds to this bottom face (150 mm × 150 mm), which could reduce permeability. 

In vertically cast samples, the tested face corresponds to a side face, while the denser 

bottom face (150 mm × 80 mm) was sealed. This geometry may expose a more 

permeable surface to humidity fluctuations. 

Consistent with this explanation, the vertically cast 80 mm specimen reached 

steady state at approximately 2.8 g/(m²·%RH), one cycle earlier than the horizontally cast 

specimen of the same thickness. The horizontally cast specimen showed slower initial 

moisture uptake and increased more sharply during the early cycles before peaking near 

2.7 g/(m²·%RH). This trend suggests that the tested surface condition, not only the bulk 

mix design, influenced the rate at which specimens approached steady-state buffering. 

Specimen thickness also affected MBV to a lesser extent. Although the 50 mm 

specimen followed a similar moisture-buffering pattern to the 80 mm specimens, the 

horizontal 50 mm specimen showed lower peak MBV values, below 2.6 g/(m²·%RH). A 

plausible explanation is its smaller material volume. The 50 mm specimen contained 

approximately 45% less material than the 80 mm specimen (452 g versus 715 g on 

average), which may reduce the amount of moisture-active material available during 

cycling. 
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Overall, the MBV results indicate that casting orientation and specimen geometry 

affected moisture-buffering behaviour under the tested conditions. Vertically cast 

specimens showed faster stabilization and more stable moisture-buffering behaviour, 

possibly because the MBV test exposed a more permeable side face rather than the denser 

bottom casting face. 

5.4. Summary 

This chapter evaluated how casting direction, specimen size, and thickness affect 

the mechanical, thermal, and hygric behaviour of HLC containing 70% CA-substituted 

hemp shiv. The aim was to separate measured effects from mechanisms that remain 

inferential. 

Dry densities were highly consistent across specimens, with variations below 1%, 

which supported comparison across casting direction and thickness. The PCM-HLC 

showed low compressive strength (0.04-0.06 MPa) and Young's modulus values of 1.01-

1.84 MPa, with substantial deformability before shear failure. These values are consistent 

with the use of soft fatty acids and the limitations of vibration compaction, but the 

relative trends are still useful for comparing specimen geometry within this formulation. 

Specimen size had the clearest effect on mechanical response. The 50 mm cubes 

showed 10-27% higher compressive strength than 100 mm cubes, and the directional 

strength difference was larger in the 50 mm specimens. The most plausible explanation is 

a size-dependent compaction structure, but this remains a hypothesis because the 

distribution of voids, binder, and PCM was not directly imaged. 

Thermal conductivity ranged from 0.0727 to 0.0918 W/(m·K). Casting direction 

and specimen thickness produced small differences, less than 9%, which were minor 

relative to measurement variability and the effect of PCM phase transition. At 20 °C, 

SHC ranged from 678 to 725 J/(kg·K), increasing to 1207-1336 J/(kg·K) near 30 °C. 
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These results show that latent heat storage dominated the thermophysical response within 

the tested range. 

All specimens remained in the Nordtest "Excellent" moisture-buffering category, 

with quasi-steady MBV values of 2.27-2.80 g/(m²·%RH). Initial moisture uptake was 

delayed relative to some conventional HLC reports, possibly because oven-dried PCM-

treated surfaces were less favourable for early moisture absorption. Vertically cast 

specimens stabilized more quickly than horizontally cast specimens, which is consistent 

with, but does not directly prove, the influence of binder segregation and exposed surface 

permeability. 

In conclusion, casting direction and specimen geometry affected PCM-HLC 

properties differently across performance metrics. Mechanical behaviour was most 

sensitive to specimen size and loading direction, thermal behaviour was comparatively 

stable across the tested geometries, and MBV was influenced by the tested face and 

specimen thickness. For scale-up and wall-panel design, these findings support 

standardizing specimen geometry and reporting casting/testing orientation, while treating 

proposed mechanisms such as compaction-energy distribution, PCM arrangement, and 

moisture-pathway changes as hypotheses requiring direct microstructural verification.
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6. Chapter 6: Influence of PCM substitution on the hygrothermal and mechanical 

behaviour of PCM-HLC 

This chapter addresses a central material-design problem: how much PCM can be 

substituted into HLC before the thermal-storage benefit is outweighed by mechanical and 

hygric penalties. Existing PCM-HLC studies provide valuable evidence, but they rarely 

map a continuous substitution range wide enough to identify functional thresholds. This 

chapter therefore evaluates 0-70% PCM substitution under a fixed binder system 

containing 80% HL and 20% silica fume, with the aim of converting PCM-HLC 

proportioning from a maximum-loading problem into a performance-targeted material-

selection problem. 

The new knowledge generated in this chapter is the coupled dose-response 

relationship between PCM substitution, density, strength, thermal storage, thermal 

transport, and moisture buffering. The discussion separates direct observations from 

mechanisms inferred from SEM images, density trends, and literature-supported 

interpretation. The chapter closes with a quantitative performance screening approach 

that identifies formulations for balanced envelope layers and protected thermal-storage 

cores. 

6.1. Sample development 

6.1.1. Raw materials 

Small particle hemp shiv, HL, silica fume, and 80.5% CA - 19.5% MA binary PCM 

mixture, as discussed in Section 4.1, were used. 
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6.1.2. Compositions of PCM-HLC samples 

The scientific problem addressed in this study was how to select PCM content 

when thermal storage, strength, density, and moisture exchange respond in different 

directions. To allow comparison across samples, the H/B ratio was kept constant at 1:3, 

which was the lowest binder amount shown in the preliminary casting study to allow the 

70% PCM-incorporated PCM-HLC to be cast as a cohesive specimen. The detailed ratios 

for each component in each sample are shown in Table 6.1. 

Table 6.1. Varying PCM substitution ratio – PCM-HLC compositions. 

Name HP/B ratio 

Mix design by mass ratio Hemp/PCM/Lime/Silica fume 

Hemp+PCM Binder Water 

Hemp PCM HL 
Silica 

fume 
Water 

0% PCM 1:3 1 0 2.4 0.6 2.5 

10% PCM 1:2.7 1 0.11 2.4 0.6 2.5 

20% PCM 1:2.4 1 0.25 2.4 0.6 2.5 

30% PCM 1:2.1 1 0.43 2.4 0.6 2.5 

40% PCM 1:1.8 1 0.67 2.4 0.6 2.5 

50% PCM 1:1.5 1 1 2.4 0.6 2.5 

60% PCM 1:1.2 1 1.5 2.4 0.6 2.5 

70% PCM 1:0.9 1 2.33 2.4 0.6 2.5 
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6.2. Results and discussion  

6.2.1. Mechanical properties 

6.2.1.1. Compressive strength 

Before interpreting mechanical performance, the dry density of the cast specimens 

was examined because density affects both load response and hygrothermal behaviour. 

The mean dry density was 723 kg/m³, with a standard deviation of 33.46 kg/m³ and a 

COV of 0.046. The measured range, 664.56-786.24 kg/m³, indicates that PCM 

substitution changed the mass distribution of the composite even though the specimen 

geometry and binder system were held constant. The relationship between dry density 

and compressive strength is shown in Fig. 6.1. 

 

Fig. 6.1. Relationship between dry density and compressive stress for PCM-HLC across 

varying PCM concentrations. Numerical labels with different colours indicate the specific 

PCM substitution percentage (0–70%). 
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The densities measured here occupy the upper part of the range reported for HLC 

without PCM [43, 44, 186, 226, 241]. This difference should not be interpreted only as 

improved compaction. It is also consistent with the use of hydraulic pressing, a relatively 

high binder-to-hemp ratio, and the replacement of lightweight porous shiv volume by 

denser fatty-acid PCM. Therefore, the density comparison mainly establishes that the 

present PCM-HLC represents a high-density material regime, rather than a directly 

comparable form of conventional HLC. Fig. 6.2 shows how this density regime interacts 

with compressive strength as PCM content increases. 

 

Fig. 6.2. Experimental compressive strength and density of PCM-HLC as a function of 

PCM content (0–70%). Error bars represent the maximum and minimum experimental 

values for each interval. 

Density followed a two-stage trend. The initial decrease at low PCM substitution 

may reflect reduced packing efficiency or lower fresh-state workability after fatty acids 

were introduced. From 10% PCM onward, density increased steadily and reached 796 

kg/m³ at 70% PCM. A plausible explanation is that the denser fatty acids replaced part of 

the porous hemp shiv volume and occupied some accessible void space. Because the 

load-bearing light-weight hemp shiv is replaced by non-load-bearing heavier fatty acids, 

the overall density of the composites increased while its compressive strength decreased. 
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This interpretation is consistent with the mass balance and SEM observations that fatty 

acids coated the surfaces of hemp shivs. . 

The 0% PCM reference provides the mechanical baseline for this binder-shiv 

system. Its compressive strength, approximately 0.8 MPa at about 720 kg/m³, lies within 

the lower part of comparable high-density HLC results. Previous studies show that binder 

content, density, and shiv size all affect strength [253]. Lower-density vibration-

compacted HLC has also shown lower strength [43], whereas high-density HLC can 

reach higher values under different mix designs [161]. The use of small shiv in this study 

may partly explain why the reference strength was lower than some HLC mixtures with 

coarser shiv [16], [43]. However, this comparison remains approximate because the 

compaction method, binder system, and aggregate geometry differ among studies. 

For the PCM-HLC mixtures, the compressive test is best interpreted as a handling 

and integrity indicator rather than as a structural design value. These composites replace 

part of the bio-aggregate phase with fatty-acid PCM and are intended for non-load-

bearing envelope applications. Across the substitution range, compressive strength 

decreased from 0.78 MPa for the 0% reference to 0.18 MPa for the 70% PCM mixture, a 

reduction of approximately 77%. 

The strength decrease agrees with the general direction reported for PCM-

modified composites, but the present dose-response adds important detail. Previous SS-

PCM and MPCM studies report large strength losses, although the magnitude varies with 

PCM chemistry, carrier, binder type, and incorporation method [139], [254], [248], [255]. 

In contrast, the present data show a more gradual and systematic decline across 0-70% 

substitution. This suggests that the hemp-shiv-supported fatty-acid system can 

accommodate moderate PCM contents more predictably than some previously reported 

PCM composites, while still showing an unavoidable mechanical penalty at high 

substitution. 
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Despite this penalty, the residual strength remains relevant for non-structural 

insulation use. Conventional non-load-bearing insulation materials can have compressive 

strengths below 0.069 MPa [256, 257]. The 70% PCM mixture retained 0.18 MPa, which 

suggests adequate resistance for handling, transport, and integration into a protected 

envelope layer. The result supports functional use of high-PCM HLC, provided that 

structural loads are carried by other components of the wall assembly. 
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6.2.1.2. Specific compressive strength analysis 

Because density varied with PCM content, compressive strength alone cannot 

separate mechanical efficiency from mass increase. Density is a strong predictor of 

conventional HLC strength [11, 24, 41, 42, 186, 194], but PCM substitution changes the 

role of the solid phase. Specific compressive strength [258], calculated as compressive 

stress divided by dry bulk density [259], was therefore used to assess whether higher 

mass translated into load-bearing efficiency (Fig. 6.3). 

 

Fig. 6.3. Influence of PCM content on the specific strength of PCM-HLC composites.  

The specific-strength results indicate that the loss of mechanical efficiency cannot 

be explained by density variation alone. The 0% PCM reference reached 1.09 × 10⁻³ 

MPa·m³/kg, whereas the 70% PCM mixture reached 2.28 × 10⁻⁴ MPa·m³/kg. Reported 

HLC values span approximately 3.33 × 10⁻⁴ to 1.48 × 10⁻³ MPa·m³/kg when converted 

from published strength and density ranges [11, 186, 194, 241]. The reference mixture 

therefore remains comparable to conventional HLC values reported by Brzyski et al. [40] 
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and Nguyen et al. [161], but the high-PCM mixtures move outside the usual density-

strength relationship. 

This change in relationship is scientifically important. In conventional HLC, 

higher density often indicates more solid contact and improved stress transfer. In the 

PCM-HLC mixtures, however, part of the added mass is a soft phase that stores heat 

rather than carrying load. Thus, the 70% PCM samples were among the densest 

specimens but had the lowest absolute and specific strength. The result shows that density 

cannot be used as a standalone proxy for mechanical performance once a large fraction of 

the hemp shiv is replaced by PCM. 

6.2.1.3. Microstructure implications  

SEM was used to examine the morphology of PCM-HLC at 70%, 30%, and 0% 

PCM substitution (Fig. 6.4). The images show plate-like and lamellar features similar to 

structures reported for shape-stabilised PCMs containing long-chain hydrocarbons [260, 

261]. These features are interpreted as PCM-rich regions or coatings formed during 

cooling, although SEM alone cannot quantify coating thickness, PCM continuity, or pore 

connectivity. 
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Fig. 6.4. SEM micrographs at x500 magnifications: (a, b) PCM-HLC at 70% PCM, (c, d) 

PCM-HLC at 30% PCM, and (e, f) HLC with 0% PCM.  

 

(a) (b) 

(c)

) 
(d) 

(e) (f) 
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At 70% PCM, the SEM images show smoother regions and fewer visible binder 

particles on parts of the cross-section. One potential explanation is that a higher amount 

of solidified fatty acid reduced the exposed mineral-binder surface and interrupted some 

hemp-binder contacts. This would be consistent with the lower compressive strength, but 

the images do not by themselves prove the stress-transfer pathway. Quantitative image 

analysis or micro-CT would be needed to verify the extent of binder discontinuity and 

pore blocking. 

At 30% PCM, the visible binder coverage appears more continuous across the 

hemp shiv surface. This morphology is consistent with a mixture in which PCM is 

present but does not dominate the interfacial region. The improved mechanical response 

at moderate substitution may therefore be associated with more continuous binder 

contact, although this remains an interpretation rather than a directly measured stress-

transfer mechanism. 

The 0% HLC images provide the reference morphology. The hemp shiv surfaces 

were more fully covered by the binder matrix, and the surface texture differed from the 

smoother PCM-rich regions observed in the PCM-HLC samples. This contrast supports 

the interpretation that PCM substitution changes the interfacial environment around the 

shiv particles. 

Taken together, the SEM observations provide a plausible microstructural 

explanation for the macroscopic mechanical trend. Higher PCM contents appear to shift 

the composite from a binder-connected hemp-lime skeleton toward a denser material 

containing more PCM-rich regions. This shift may reduce mechanical efficiency while 

increasing thermal storage capacity. The mechanism should be treated as supported by 

visual evidence and property trends, not as fully verified, because pore-size distribution, 

PCM clustering, and interfacial strength were not directly quantified. 
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6.2.2. Thermal properties 

The thermal response of PCM-HLC must be interpreted through several coupled 

properties. Thermal conductivity controls steady conductive heat flow, specific heat 

capacity describes sensible energy storage per unit mass, and thermal diffusivity 

combines conductivity with volumetric heat capacity to indicate how quickly temperature 

changes propagate. For PCM-HLC, these properties may move in different directions as 

PCM content increases. This distinction is essential because a useful envelope material 

must both moderate heat flow and store thermal energy over time. 

6.2.2.1. Thermal conductivity 

Thermal conductivity is important for evaluating the efficiency of conductive heat 

transfer of a given building envelope. As illustrated in Fig. 6.5, the measured thermal 

conductivity ranged from 0.103 W/m·K to 0.115 W/m·K, with COVs of 5.18% -6.17% in 

each dataset.  

 

Fig. 6.5. Thermal conductivity of PCM-HLC as a function of PCM substitution rate (0% 

to 70%).  



 

129 

 

Thermal conductivity increased nearly linearly with PCM substitution (R2 = 

0.92). This trend is consistent with the density increase shown earlier and with the 

expectation that replacing air-filled pores with fatty-acid PCM can increase conductive 

pathways. However, the total increase was modest, rising by approximately 9% from 0% 

to 70% PCM. Therefore, PCM substitution changed the thermal-conduction regime but 

did not transform the material into a highly conductive composite. The measured 

conductivity-density relationship is placed in context with published hemp-concrete data 

in Fig. 6.6. 

 

Fig. 6.6. Evolution of thermal conductivity of studied composites as a function of density 

[248]. HC represents hemp concrete that was modified by adding different amounts of 

MPCM (0, 5, 10, and 15 wt%) 

This modest increase has two implications. First, it indicates that high PCM 

substitution can be introduced without a severe loss of insulation function at the material 

scale. Second, the slightly higher conductivity may help the PCM-rich layer charge and 

discharge more effectively when placed within a multilayer wall assembly. The result 
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should therefore be viewed as a trade-off between insulation resistance and thermal-

storage access, rather than as a simple improvement or deterioration. 

6.2.2.2. Specific heat capacity 

While thermal conductivity governs the rate of heat propagation through the 

medium, specific heat capacity (Cp) determines the amount of thermal energy the 

material can store per unit mass. As shown in Fig. 6.7, the Cp of the PCM-HLC samples 

was measured at a hot plate temperature of 20 °C and a cold plate temperature of 5 °C, to 

evaluate the sensible thermal mass enhancement provided by the PCM prior to phase 

change.  

 

Fig. 6.7. Influence of PCM substitution level on the specific heat capacity of the PCM-

HLC.  

As shown in Fig. 6.7, specific heat capacity increased strongly with PCM content 

(R2 = 0.98). The 0% reference measured 841 J/(kg·K), whereas the 70% PCM mixture 

reached 1344 J/(kg·K), an increase of approximately 60%. This result provides direct 

evidence that fatty-acid substitution increases the sensible heat-storage capacity of the 

composite under the tested temperature range. 
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These values represent sensible heat capacity measured under steady-state HFM 

conditions, with a hot plate at 20 °C and a cold plate at 5 °C. They do not include the 

latent heat released or absorbed during a complete phase transition. Therefore, the 

measured increase should be interpreted as the baseline heat-storage improvement of the 

solid composite. The total storage capacity during dynamic melting and solidification 

would likely be higher, but it was not quantified by this test. 

6.2.2.3. Thermal diffusivity 

Thermal diffusivity describes how rapidly a temperature disturbance moves 

through a material. Lower diffusivity usually indicates greater thermal lag and smaller 

temperature fluctuations in building envelopes [262]. In this study, calculated diffusivity 

ranged from 0.179 × 10⁻⁶ m²/s for 0% PCM to 0.111 × 10⁻⁶ m²/s for 70% PCM, as shown 

in Fig. 6.8. These values are lower than the 0.369-0.585 × 10⁻⁶ m²/s range reported for 

some HLC without PCM [43], indicating that PCM-HLC can occupy a lower-diffusivity 

regime. 

 

Fig. 6.8. Correlation between %PCM substituted and PCM-HLC thermal diffusivity.  
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The decrease in diffusivity results from competing changes in the numerator and 

denominator of the diffusivity relationship. PCM substitution increased thermal 

conductivity by about 11.5%, which would normally increase diffusivity. This effect was 

outweighed by the simultaneous increases in density and specific heat capacity, which 

increased the composite's volumetric heat capacity. At 70% PCM, diffusivity was 

approximately 38% lower than that of the 0% reference, showing that heat storage 

became more influential than conduction rate in the transient response. 

This interpretation is consistent with the diffusivity equation and with previous 

observations that density affects transient heat transfer in bio-aggregate materials [11, 23, 

262, 263]. A possible microstructural contribution is the replacement of some air-filled 

pore volume by PCM, because air has a much higher thermal diffusivity than the 

composite phases [264]. This mechanism is plausible, but it should not be treated as 

verified without direct porosity and pore-connectivity measurements. 

For building-envelope design, the lower diffusivity is the main thermal advantage 

of the high-PCM mixtures. It suggests that a PCM-rich layer could delay heat 

propagation and dampen short-term temperature swings. This does not mean that the 

material can replace all insulation, because thermal resistance still depends on thickness 

and conductivity. Instead, the result supports using PCM-HLC as a thermal-buffering 

layer within a broader wall assembly. 
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6.2.2.4. Thermal resistance 

The experimental thermal resistance (R – value) results are shown in Fig. 6.9.  

 

Fig. 6.9. Correlation between PCM substitution rate and the thermal resistance of the 

PCM-HLC.  

The composite’s thermal resistance varies with the PCM substitution rate. For the 

50 mm specimens tested, the 0% PCM samples achieved an R-value of 0.485 m²·K/W, 

while the denser 70% PCM samples exhibited a marginally lower value of 0.436 

m²·K/W. While these values are lower than the 2.78 to 3.85 m²·K/W RSI range typically 

required for full-wall assemblies in Canadian climate zones [265], this discrepancy is 

primarily due to the limited specimen thickness used for material-scale characterization. 

Based on the measured thermal conductivity of approximately 0.10–0.11 W/m·K, a full-

scale hempcrete wall assembly would typically require a thickness of 300–350 mm to 

meet standard building code requirements. Consequently, the 50 mm samples evaluated 

in this study represent a single functional layer within a broader envelope system, such as 

the core of the proposed sandwich panel, rather than a standalone wall.  
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The decrease in R-value should be interpreted as an engineering trade-off. A 

lower thermal resistance is not desirable for a standalone insulation layer. In a PCM-

integrated layer, however, moderate conductivity can help heat reach the PCM and 

activate storage within the relevant temperature range. The implication is that PCM-HLC 

should be paired with an insulation layer when both thermal storage and code-level wall 

resistance are required. 

6.2.3. Moisture buffering value 

6.2.3.1. Moisture intake and release behaviours 

The dynamic moisture buffering capacity of the PCM-HLC samples was 

evaluated by subjecting them to cyclic humidity variations. Fig. 6.10 shows the 

continuous mass change (%) of the composites over 120 hours, corresponding to five 

complete 24 - hour cycles. Each cycle consists of a moisture adsorption phase, during 

which the sample is placed under 75% RH for 8 hours, and a moisture desorption phase, 

during which the sample is placed under 33% RH for 16 hours. 

 

Fig. 6.10. The percentage mass change of PCM-HLC samples over five consecutive 

moisture adsorption and desorption cycles. 



 

135 

 

As shown in Fig. 6.10, all mixtures responded rapidly to cyclic humidity changes. 

Each sample gained mass during the 75% RH adsorption stage and lost mass during the 

33% RH desorption stage. This observation shows that moisture exchange remained 

active even after PCM substitution, although the magnitude of exchange depended on 

PCM content. 

The amplitude of mass change decreased as PCM content increased. The 0% and 

lower-PCM mixtures showed higher adsorption and desorption peaks, whereas the 70% 

mixture showed the smallest moisture-response amplitude. This trend indicates that PCM 

substitution reduces the amount of moisture actively exchanged with the surrounding air, 

even though it does not eliminate the moisture-buffering function. 

6.2.3.2. Cyclic stability of the Moisture Buffering Value (MBV) 

To ensure the reliability of the moisture buffering characterization, at least three 

stable cycles are required, characterized by the fact that the daily amounts of moisture 

uptake and release approach each other [223]. Fig. 6.11 presents the calculated MBV for 

each of the five individual cycles. 

 

Fig. 6.11. Stability of MBV for each cycle across various PCM-HLC. 
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The data demonstrate that all samples reached a stable, steady – state condition 

during the testing period. The variations between cycles and samples are detailed in Table 

6.2. 

Table 6.2. Statistical analysis of MBV 

PCM (%) Mean (g/m²·%RH) Std (g/m²·%RH) COV 

0 1.22 0.120 0.096 

10 1.21 0.024 0.020 

20 1.21 0.021 0.018 

30 1.19 0.018 0.015 

40 1.15 0.039 0.034 

50 0.94 0.068 0.073 

60 0.85 0.069 0.081 

70 0.77 0.024 0.031 

The MBV COVs across stable cycles were low for the 10-40% and 70% PCM 

mixtures, ranging from 1.5% to 3.4%. The 0% control had the highest COV, 9.6%, but it 

remained within a reasonable experimental range. These values support the reliability of 

the MBV comparison across substitution levels. 

The average MBV was then used to assess overall hygric performance, as shown 

in Fig. 6.12. MBV decreased with increasing PCM loading (R2 = 0.84). This trend is 

consistent with a reduction in accessible moisture-active porosity, but the experiment 

measured mass exchange rather than pore geometry. The pore-filling and surface 

hydrophobicity explanations should therefore be treated as proposed mechanisms. 
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Fig. 6.12. Impact of PCM substitution level on the MBV of the PCM-HLC.  

The MBV decrease occurred in two stages. From 0% to 40% PCM, the decline 

was gradual: MBV decreased from 1.219 to 1.151 g/(m²·%RH), a reduction of less than 

6%. This suggests that, at moderate substitution levels, enough vapour-accessible 

pathways remained available for moisture exchange. All mixtures in this range still 

exceeded the Nordtest threshold for "Good" moisture buffering (>1.0 g/(m²·%RH)) [223]. 

Beyond 40% PCM, hygric performance declined more sharply. The 50% mixture 

entered the Nordtest "Limited" category at 0.940 g/(m²·%RH), and the 70% mixture 

reached 0.772 g/(m²·%RH), approximately 37% below the 0% reference. One possible 

explanation is that higher PCM contents reduced the connected pore volume available for 

vapour transport. A second, complementary explanation is that fatty-acid-rich surfaces 

reduced the affinity of some internal surfaces for water vapour adsorption.  

These mechanisms are consistent with the trends, but they were not independently 

measured. The literature comparison is most useful when interpreted through density and 

pore accessibility rather than as a direct ranking of materials. Mechanical compaction can 

reduce air-filled void volume, while PCM substitution may occupy or coat part of the 



 

138 

 

pore network. Both effects can reduce MBV, but their relative contributions depend on 

mix design, density, and how the PCM is distributed within the shiv and binder matrix. 

The MBV values measured here, 0.77-1.22 g/(m²·%RH), are lower than many 

HLC values reported without PCM, including 1.82-3.02 g/(m²·%RH) [251] and 2.06-2.53 

g/(m²·%RH) [43]. Rather than indicating failure of the material, this difference shows 

that the present mixtures occupy a denser PCM-HLC regime. The comparison also helps 

explain why lower-density PCM-HLC in Chapter 5 maintained higher MBV despite 

containing 70% PCM. 

The Chapter 5 specimens had a similar 70% PCM substitution level but a much 

lower density, approximately 400 kg/m³, and achieved MBV values of 2.27-2.81 

g/(m²·%RH). The specimens in this chapter exceeded 700 kg/m³. This density increase of 

roughly 75% was associated with an approximately 66% reduction in MBV. The 

comparison suggests that density and accessible pore structure can be as important as 

nominal PCM content in controlling moisture exchange. 

Overall, MBV showed a strong negative relationship with bulk density (R2 = 

0.90). The most cautious interpretation is that high PCM substitution and high 

compaction together reduce moisture-active porosity. Fatty-acid hydrophobicity may 

further contribute by changing the surface character of accessible pores. Even so, the 

70% mixture retained a "Limited" Nordtest MBV classification, indicating that high-

density PCM-HLC can still provide some passive humidity regulation when thermal 

storage is prioritised. 

6.2.4. Performance trade-off with increased PCM substitution 

To evaluate these coupled trade-offs, the normalized properties in Fig. 6.13 were 

interpreted using a constrained performance-screening approach. For a balanced envelope 

layer, the screening index was defined as 𝐼𝑏𝑎𝑙  =  0.40(𝐶𝑝𝑛)  +  0.30(𝑀𝐵𝑉𝑛)  +

 0.30(𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑛), with MBV required to remain above 1.0 g/(m²·%RH) and 
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compressive strength required to remain above the 0.069 MPa handling benchmark for 

non-load-bearing insulation. For a thermal-storage layer, the index was defined as 𝐼𝑡ℎ  =

 0.50(𝐶𝑝𝑛)  +  0.30(1 −  𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦𝑛)  +  0.20(𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑛). These indices are 

not universal material rankings; they make the engineering priorities explicit. 

 

Fig. 6.13. Normalized performance radar chart illustrating the multi-dimensional trade-

offs in PCM-HLC across substitution levels from 0% to 70%.  

The normalized data show that the performance space separates into two useful 

regimes. Strength and MBV decrease with PCM substitution, while specific heat capacity 

increases. Density was treated as a diagnostic variable rather than a benefit by itself, 

because higher density can improve heat storage while also reducing moisture exchange. 

This framing avoids selecting a formulation simply because it is heavier. 
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For balanced hygrothermal performance, 40% PCM is the highest substitution 

level that retains the Nordtest "Good" MBV classification while increasing heat-storage 

capacity. The 40% mixture therefore satisfies the moisture constraint and preserves a 

practical handling-strength margin, while moving beyond the thermal properties of the 

0% reference. This recommendation is stronger than a qualitative compromise because it 

is tied to explicit MBV and strength thresholds. 

For thermal-storage-dominated layers, 70% PCM is preferred. This mixture 

maximizes specific heat capacity and minimizes thermal diffusivity within the tested 

range, while still retaining compressive strength above the non-load-bearing insulation 

benchmark. Its lower MBV and lower R-value mean that it should not be used as the only 

functional layer in a wall. Instead, it is best treated as a PCM-rich core paired with more 

insulating or moisture-active layers. Even with the 70% max PCM substitution rate, the 

thermal conductivity only rises by approximately 9%, indicating that while maximizing 

thermal storage ability, the insulation of the PCM-HLC is still maintained. 

The SEM observations support this index-based interpretation. High PCM 

contents appear to create more PCM-rich regions and less mechanically efficient binder 

continuity, which is consistent with lower strength and MBV. Moderate PCM contents 

appear to preserve more of the binder-connected structure while still adding thermal 

storage. These microstructural interpretations remain hypotheses until pore connectivity 

and interfacial strength are measured directly. 

The main scientific value of the performance map is that it converts PCM-HLC 

design from a single-property target into a multi-objective material-selection problem. 

The wide 0-70% substitution range shows where thermal benefits become large enough 

to justify mechanical and hygric penalties. While this incorporation limit is specific to 

this study’s binder/hemp mix design, it has the potential to be generalized to other bio-

based composites. As observed in the preliminary casting result in Section 4.3, with 

smaller particle size of hemp shiv and higher binder content, the bio-composites tend to 

withhold more PCMs. Thus, depending on the particle size of hemp shiv and the mix 
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design being used, other researchers could utilize this study as a baseline for their 

experimental design of testable threshold regions. For practitioners, it links each PCM 

level to a likely envelope function: moderate-PCM formulations are suited to balanced 

layers, whereas the 70% mixture is more appropriate as a protected thermal-storage core.  

6.3. Summary 

This chapter establishes a systematic relationship between PCM substitution and 

the mechanical, thermal, and moisture-buffering behaviour of high-density PCM-HLC. 

The scientific problem it solves is not simply whether PCM can be added, but how PCM 

content changes the balance among load handling, moisture exchange, thermal storage, 

and thermal resistance. The resulting trade-off regimes provide a design map for selecting 

PCM-HLC formulations according to their intended envelope function. 

The results show that PCM substitution changes the meaning of density in hemp-

lime composites. In conventional HLC, higher density often corresponds to improved 

mechanical performance. In the present PCM-HLC, higher density also reflects the 

addition of a heat-storage phase that does not contribute equally to load transfer. This 

interpretation helps explain why the 70% PCM mixture had high density but low specific 

strength. 

Thermally, increasing PCM content improved sensible heat capacity by 

approximately 60% and reduced thermal diffusivity by approximately 38%. These 

observations indicate that PCM-HLC can act as a thermal-buffering layer rather than only 

as insulation. The modest increase in thermal conductivity and the decrease in R-value 

also show that high-PCM formulations need to be integrated with insulating layers when 

full wall resistance is required. 

Hygrically, the chapter identifies a practical threshold. MBV remained in the 

Nordtest "Good" range up to 40% PCM, then declined to the "Limited" range at higher 

substitution levels. The most plausible explanation is a combination of reduced moisture-
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active porosity and increased fatty-acid-rich surface area, although direct pore-network 

measurements are needed to confirm this mechanism. 

The performance-screening approach supports two engineering recommendations. 

A 40% PCM substitution is the most appropriate balanced formulation when moisture 

regulation, handling strength, and thermal storage are all required. A 70% PCM 

substitution is appropriate when maximum heat storage and thermal lag are prioritised, 

provided that the layer is protected by complementary insulation and moisture-

management layers. 

Overall, the chapter advances PCM-HLC design by showing that PCM content 

should be selected according to a defined performance objective rather than maximised 

by default. Its originality lies in systematically establishing the mechanical-hygric-

thermal trade-off across a broad substitution range and translating that map into material-

design guidance for multilayer building envelopes. This finding is important for 

researchers because it identifies the coupled variables that must be measured together, 

and for practitioners because it links material formulation to envelope function. 
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7. Chapter 7: Experimental and numerical analysis of a multilayer PCM-HLC 

sandwich panel 

PCM-HLC can combine bio-based insulation, moisture buffering, and latent heat 

storage, but its use as a monolithic wall layer creates a scientific design conflict. High 

thermal resistance protects indoor conditions but can prevent PCM from reaching its 

transition range, while high PCM exposure can improve thermal buffering but increase 

heat-loss risk when the PCM remains solid. This conflict is especially important in cold-

climate retrofits, where wall depth is limited. 

Previous PCM envelope designs often add insulation outside the PCM layer, 

sometimes increasing wall thickness to more than 30 cm [266]. What remains unresolved 

is whether a thinner bio-based multilayer assembly can use PCM as an active thermal 

buffer without creating winter heat-loss penalties. This gap motivates the sandwich PCM-

HLC concept evaluated in this chapter. 

The scientific contribution of this chapter is to determine how layer placement, 

thickness, thermal resistance, and phase-change temperature control the seasonal 

usefulness of PCM-HLC in a multilayer wall. The work combines laboratory validation 

of a finite-volume heat-transfer model with parametric sensitivity studies. It therefore 

generates design knowledge about when PCM should be used as active thermal storage 

and when conventional resistance is more valuable. 

The chapter proceeds in four steps. First, a 10 cm sandwich block is fabricated 

and used to validate the numerical model. Second, the baseline double-PCM sandwich 

design is compared with monolithic HLC under representative Ottawa summer and 

winter weeks. Third, sensitivity studies examine outer-insulation thickness, middle-layer 

thermal resistance, PCM phase-change temperature, and PCM placement. Finally, the 

results are synthesised into design guidance for space-constrained multilayer envelopes. 
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The modelling objective is not to identify a universal optimum for all climates. 

Instead, the simulations test which design variables control performance under the 

selected cold-climate boundary conditions. The screening criteria are interior-surface 

temperature stability, heating and cooling energy demand, and energy saving per unit 

thickness relative to the monolithic HLC baseline. 

This framing treats the numerical work as a parametric sensitivity study rather 

than proof of a universal wall optimum. It separates observation, physical interpretation, 

and engineering implication for each design change. The approach can be extended to 

other climates by changing the weather file, setpoint schedule, phase-change temperature 

range, and wall-depth constraint. 

Overall, the chapter advances PCM-integrated bio-based envelope design by 

showing why PCM placement and thermal protection matter as much as PCM quantity. 

This knowledge is important for researchers developing PCM-HLC models and for 

practitioners selecting wall assemblies under thickness and climate constraints. 

7.1. Sample development 

7.1.1. Raw materials 

Small-particle hemp shiv, HL, silica fume, slag, an 80.5% CA and 19.5% MA 

binary PCM mixture for the indoor PCM layer, and an 87.8% CA and 12.2% MA binary 

PCM mixture for the outdoor PCM layer were used, as described in Section 4.1. The 

PCM mixtures were selected to place phase transition near the targeted indoor and wall-

gradient temperature ranges. 
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7.1.2. Compositions of PCM-HLC samples 

The five-layer specimen included an indoor-facing vapour control layer, an indoor 

PCM-HLC core, a middle insulation/vapour-control layer, an outdoor PCM-HLC core, 

and an outdoor insulation/vapour-control layer (Fig. 7.1). 

 

Fig. 7.1. The sandwich panel design with PCM-HLC core. 

The layer compositions are listed in Table 7.1. Silica fume was used in the PCM-

HLC core because its fine particle size supported the high-PCM formulation developed in 

Chapter 4. Slag was used in the insulation mix because preliminary results and literature 

data indicated lower thermal conductivity for this binder route [22], [43].
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Table 7.1. Monolithic HLC and PCM-HLC Sandwich panel compositions. 

Component 

(wt% of dry 

mass) 

Monolithic 

HLC 
Sandwich panel 

Regular HLC 

with 0% PCM 

PCM-

HLC Core 

Indoor 

face lime 

plaster 

Outdoor & 

middle 

insulation 

Hemp 1 1 0 1 

PCM 0 2.33 0 0 

HL 2.37 2.37 1 0.34 

SCM 
0.63 (Silica 

fume) 

0.63 

(Silica 

fume) 

0 0.08 (Slag) 

Water 2.5 2.5 0.75 0.43 

7.2. Preliminary model validation of PCM-HLC sandwich block 

7.2.1. Model geometry 

For model validation, the numerical geometry reproduced the 10 cm × 10 cm × 

10 cm sandwich block shown in Fig. 7.1 and Fig. 7.2. The stacking sequence and layer 

thicknesses followed the experimental specimen, and each layer was assigned material 

properties measured in the previous chapters. 

 

Fig. 7.2. Geometry of the sandwich block being modelled. 



 

147 

 

7.2.2. Governing equations 

The numerical simulation was carried out using the finite – volume method in 

ANSYS Fluent, based on the following governing equations. The rate of thermal 

conduction (qx,y,z in W or J/s) can be estimated from Fourier’s law: where 𝑞⃗ = heat flux 

vector (W/m²), k = thermal conductivity (W/m·K), ∇T = temperature gradient (K/m). 

qx,y,z =  −k 𝜕A ∇T (15) 

In 3D transient conduction: where ρ = density (kg/m³), Cp = specific heat 

(J/kg·K), T = temperature field (K), t = time (s), Q = internal heat generation per unit 

volume (W/m³). 

𝜌𝑐𝑝  
𝜕𝑇

𝜕𝑡
  =  ∇ ∙  (𝑘∇𝑇) +  𝑄 (16) 

The convection heat transfer coefficients at the vertical walls were estimated using 

Eq. (18), adapted from the literature [53, 267].  

ℎ =
1.823

𝐷ℎ
0.121

|𝑇𝑎𝑚𝑏 − 𝑇𝑤|0.293, 𝑤ℎ𝑒𝑟𝑒 𝐷ℎ =
4𝐴

𝑃
 

(17) 

By employing the equations above, the convection heat was determined by (18): 

where h denotes the convection heat transfer coefficient on the interior or exterior surface 

(W/m2 K), A is the wall surface area (m²), P is the wall’s perimeter, Tamb represents the 

surrounding temperature inside and outside the building (°C), and Tw corresponds to the 

temperature of the interior wall surface (°C). 

𝑞𝑐𝑜𝑛𝑣𝑒𝑐 = ℎ(𝑇𝑤  −  𝑇𝑎𝑚𝑏)   (18) 
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7.2.3. Model validation setup 

7.2.3.1. Experimental HFMA validation 

The numerical model was validated against HFM experimental data at a mean test 

temperature of 23.5 °C. The HFM setup was represented as one-dimensional heat flow 

through the specimen, with the four lateral sides insulated. A Ceratina C100 data logger 

and NTC probes with ±0.10 °C precision recorded the centre temperature during the test 

(Fig. 7.3). 

 

Fig. 7.3. Experimental setup for numerical model validation: (a) 10 cm cube sandwich 

specimen, (b) schematic illustration of specimen with peripheral insulation to ensure 

unidirectional heat flux, and (c) model setup in ANSYS.  

Table 7.2 summarizes the material properties of the sandwich PCM-HLC and the 

monolithic HLC, obtained from the experimental results. For comparison reasons, the 

monolithic HLC used in this study was set to have the same average density as the PCM-

HLC. 

  

 (a)                                                   (b)                                     (c)                            
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Table 7.2. Material properties of the sandwich PCM-HLC and the monolithic HLC. 

Materials 

Sandwich PCM-HLC 
Monolithic 

HLC 

PCM-

HLC 

core 

Indoor 

facing 

layer 

Outdoor facing 

/ middle 

insulation 

HLC 

Thickness (cm) 4 0.4 0.8 10 

Density (kg/m3) 769.34 979.55 153.49 679.21 

Thermal conductivity 

(W/(m K)) 
0.115 0.370 0.052 0.103 

Specific heat capacity 

(J/(kg K)) 
1344.48 931.17 711.62 841.36 

7.2.4. Mesh independence 

A mesh-independence study was performed before validation. Three mesh sizes 

between 0.01 m and 0.002 m were compared to determine whether the predicted 

temperature was sensitive to grid refinement. 

7.2.5. Results and discussion 

7.2.5.1. Mesh Independence 

The data in Table 7.3 indicate a clear convergence of the temperature values as 

the cell size is reduced. 

Table 7.3. Mesh independence of the model. 

Time (s) Cell size (m) 

 0.01 0.008 0.004 0.002 

0 294.15 294.15 294.15 294.15 

43200 297.65 293.87 293.02 292.9 

% Difference + 1.62% + 0.33% + 0.04%  -  



 

150 

 

The coarsest mesh (0.01 m) differed from the finest-mesh benchmark by 1.62%, 

whereas the 0.008 m mesh reduced the difference to 0.33%. Refining the mesh to 0.004 

m produced a predicted temperature of 293.02 K, only 0.04% different from the 0.002 m 

mesh. The 0.004 m mesh was therefore selected because further refinement produced 

negligible change relative to the added computational cost. 

This mesh-selection step supports numerical stability for the subsequent 

parametric studies, but it does not by itself validate the physical model. Experimental 

comparison was therefore used as the next validation step. 

7.2.5.2. Numerical model validation and transient thermal response 

To ensure the reliability of the computational framework, the numerical 

predictions generated via ANSYS Fluent were validated against the experimental 

measurements obtained from the HFMA. Fig. 7.4 illustrates the transient temperature 

profile over a 12 - hour (43,200 s) period, comparing the numerical simulation with the 

experimental sensor data. 

 

Fig. 7.4. Experimental validation of numerical model against experimental HFM result. 
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Fig. 7.4 shows that the simulated and experimental centre-temperature profiles 

followed the same transient trend and approached the same steady-state response. The 

available validation metrics indicate a mean absolute temperature difference of 

approximately 0.2 °C and a maximum percentage difference of approximately 3% 

relative to the experimental mean. These values are small compared with the imposed 

temperature gradient and the sensor precision, supporting the use of the model for 

comparative design studies. 

The validation should be interpreted as evidence of adequate model fidelity for 

the tested sandwich block, not as a complete validation of every wall configuration. Full 

RMSE and R² values would require exporting the complete time-resolved residual 

dataset. Within this limitation, the agreement in Fig. 7.4 supports the boundary 

conditions, material inputs, and mesh size used for the parametric simulations. 

7.2.5.3. Microstructural support for layer assumptions 

SEM was used to examine the morphology of the composite matrices under 

varying formulations. The comparative micrographs reveal differences between the three 

mixture designs, as shown in Fig. 7.5.  
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Fig. 7.5. SEM micrographs of the multi-layer building envelope system components: (a) 

the 70% PCM-HLC layer; (b) the porous morphology of the middle and outer insulation 

layers; and (c) the dense, continuous surface topography of the lime plaster indoor facing. 

Fig. 7.5 shows clear morphological differences among the three types. The 70% 

PCM-HLC layer appears denser and more continuously covered by binder-rich material 

than the insulation layer. The lime plaster surface appears comparatively smooth and 

compact. These observations support, but do not prove, the assumed differences in 

thermal and vapour-control function. 

The dense morphology of the PCM-HLC core may be related to the 1:3 hemp-to-

binder ratio and the fine silica fume used in that mix. Fine particles can fill part of the 

interstitial space and may improve matrix continuity. However, SEM images alone 

cannot quantify packing density, pozzolanic reaction, or thermal conductivity. 

(a) (b) 

(c) 
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The insulation layer shows a more open and granular morphology, consistent with 

its higher hemp-to-binder ratio and slag-based binder. This structure may support lower 

thermal conductivity and higher vapour permeability, but these functional interpretations 

rely on the measured material properties rather than SEM evidence alone. 

The lime plaster layer shows a smoother and less visibly porous surface. This 

morphology is consistent with a vapour-control role and with improved thermal contact 

to the adjacent PCM-HLC layer. Direct vapour permeability and interfacial heat-transfer 

measurements would be needed to verify these functions independently. 

Thus, SEM provides qualitative support for the layered design logic: a denser 

PCM-HLC thermal-storage layer, more porous insulation/vapour-release layers, and a 

compact indoor-facing layer. The images help explain the modelling assumptions, but 

they should not be treated as direct proof of heat-flow or moisture-transport mechanisms. 

7.3. Numerical model baseline performance  

7.3.1. Database 

The baseline simulations compared a 10 cm PCM-HLC sandwich configuration 

with a 10 cm monolithic 0% PCM HLC control under representative Ottawa conditions. 

Hourly weather data were taken from the Canadian Weather Year for Energy Calculation 

(CWEC) file for Ottawa, Ontario [268]. This climate was selected because it combines 

summer diurnal swings with a heating-dominated winter, making it a useful test of both 

PCM activation and static thermal resistance. 

Two 168 h periods were selected from the CWEC file. The winter week, February 

3-9, had an average temperature of -7.99 °C, and the summer week, August 24-30, had an 

average temperature of 19.81 °C. These periods were chosen as representative seasonal 

weeks rather than extreme design conditions. Fig. 7.6 shows the outdoor temperature 

profiles used in the simulations. 
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Fig. 7.6. Outdoor temperature profile over a typical summer and winter week. 

Table 7.4 provides a comprehensive list of variables applied in the simulation. 
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Table 7.4. Sources of the input values in the simulation. 

Input parameters Known/Unknown Sources 

External 

climatic 

conditions 

Temperature Known 
CWEC Ottawa 

weather profile [268] 

Indoor climatic 

conditions 

Indoor air 

temperature, 
Known Controlled by HVAC 

Interior wall 

surface 

temperature, 

Unknown Monitoring system 

Wall model 

Thermal 

conductivity (4 

materials), 

Known HFM 

Specific heat 

capacity (4 

materials), 

Known HFM 

Density (4 

materials) 
Known Measurement 

Boundary 

coefficients 

Convective heat 

transfer 

coefficient 

Known Literature [53, 267] 

7.3.2. HVAC control strategy 

Interior surface temperature was used as the controlled response variable for 

comparing envelope performance. Heating and cooling energy were calculated by 

integrating the interior surface heat flux over time using linear interpolation between time 

steps. The model treated materials as homogeneous and isotropic, and it excluded edge 
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effects, radiation exchange between interior surfaces, internal heat gains, and solar gains 

through glazing. 

The HVAC control logic followed a temperature-dependent schedule [266]. 

Cooling was activated in summer when the interior surface temperature exceeded 24 °C 

and was returned to a 23 °C target. In winter, the heating schedule used a nighttime 

setback of 18 °C and a morning ramp of 0.5 °C every 30 min until the 20 °C daytime 

setpoint was reached (Fig. 7.7). 

 

Fig. 7.7. HVAC control strategy showing heating and cooling setpoints. 

When the interior surface temperature remained within the inactive band, the 

HVAC heat flux was set to zero. This control strategy allowed the envelope's thermal 

mass and PCM response to influence the simulated heating and cooling demand. The 

baseline comparison was then performed for the 10 cm sandwich panel and monolithic 

HLC control. 
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7.3.3. Results and discussion 

Fig. 7.8 plots the interior surface temperatures of the monolithic HLC and the 

sandwich PCM-HLC alongside the outdoor ambient temperature over the typical summer 

and winter week in Ottawa. 

 

Fig. 7.8. Dynamic thermal response of the 10 cm PCM-HLC sandwich panel versus a 

monolithic HLC control under representative Ottawa summer and winter conditions. 

The summer simulation showed a clear observation: the monolithic HLC surface 

temperature followed outdoor diurnal fluctuations and triggered cooling during the hotter 

part of the week. The sandwich PCM-HLC surface temperature remained within the 

24 °C cooling threshold under the selected typical summer week. 

A plausible physical explanation is that the PCM layers increased short-term heat 

storage and shifted the timing of heat transfer through the assembly. The schematic layer 
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arrangement supports this interpretation, but the simulation does not directly measure 

PCM melt fraction in each layer. The engineering implication is that the sandwich 

concept can reduce cooling demand when night-time conditions allow the PCM to 

discharge. 

The winter observation was different. Under outdoor temperatures of 

approximately -11 °C to -2 °C, the 10 cm sandwich panel maintained lower interior 

surface temperatures than the 10 cm monolithic HLC. The sandwich profile roughly 

followed the monolithic trend but was shifted downward by about 1-1.5 °C. 

This result suggests that the 10 cm double-PCM configuration lacked sufficient 

static thermal resistance under winter gradients. If the outdoor PCM layer remains below 

its phase-change range, it contributes density and conductive pathways without providing 

useful latent storage. The implication is that thin double-PCM assemblies need either 

more insulation or a different PCM placement strategy for cold climates. 

Fig. 7.9 presents the comparative energy consumption for heating and cooling 

between the monolithic HLC and the sandwich PCM-HLC during typical summer and 

winter weeks. 
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Fig. 7.9. Comparative energy performance of a 10 cm thickness monolithic HLC and 

sandwich PCM-HLC in typical summer and winter conditions. 

During the selected summer week, the 10 cm sandwich panel did not trigger 

cooling, whereas the monolithic HLC required 49 W·h/m². This should be interpreted as 

a complete reduction in cooling demand under the modelled typical-week assumptions, 

not as a universal elimination of cooling demand. 

During the selected winter week, the 10 cm sandwich panel required 4113 

W·h/m² compared with 3230 W·h/m² for the monolithic HLC, a 27% increase. The 

observation indicates a winter penalty. The likely explanation is that the PCM layers did 

not remain thermally protected enough to function as latent buffers. The engineering 

implication is that cooling-season benefits alone are insufficient for cold-climate 

envelope design. 
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7.4. Sensitivity study: outer insulation thickness (10-16 cm) 

7.4.1. Geometric sensitivity strategy 

The baseline results show why thickness was treated as a sensitivity variable 

rather than a simple design target. The 10 cm sandwich design performed well in summer 

but penalised winter heating demand. The parametric study therefore increased only the 

outdoor insulation layer in 2 cm increments and evaluated three criteria: winter heating 

energy, interior surface temperature stability, and energy saving per unit thickness. 

7.4.2. Model geometry 

For the thickness-sensitivity study, the indoor vapour-control layer (0.4 cm), 

indoor PCM-HLC layer (4 cm), middle insulation layer (4 cm), and outdoor PCM-HLC 

layer (4 cm) were kept constant. The outdoor insulation layer was increased to 0.8, 2.8, 

4.8, and 6.8 cm, producing total wall thicknesses of 10, 12, 14, and 16 cm (Fig. 7.10). 
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Fig. 7.10. Sandwich PCM-HLC geometry for insulation layer scaling parametric study. 

7.4.3. Results and discussion 
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Fig. 7.11 compares the interior surface temperature response of monolithic HLC 

and sandwich PCM-HLC assemblies with total thicknesses from 10 to 16 cm. 

 

Fig. 7.11. Comparison of interior surface temperatures for monolithic HLC and sandwich 

PCM-HLC across varying wall thicknesses (10–16 cm) in typical summer and winter 

weeks. 

Fig. 7.12 compares the corresponding heating and cooling energy demand. 

Because all sandwich panels avoided cooling demand during the selected summer week, 

winter heating demand became the controlling metric for this parametric comparison. 
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Fig. 7.12. Comparative energy performance of 10–16 cm thickness monolithic HLC and 

sandwich PCM-HLC in the typical winter week.  

The observation was nonlinear. At 10 and 12 cm, the sandwich configuration 

consumed 27% and 4% more heating energy than the monolithic HLC of the same 

thickness. At these smaller thicknesses, the latent storage benefit did not compensate for 

the reduced volume of steady thermal resistance. 

As thickness increased, both wall types produced higher interior surface 

temperatures and lower energy demand. The key transition occurred at 14 cm, where the 

sandwich assembly first outperformed the monolithic baseline. This identifies 14 cm as 

the minimum tested thickness at which the double-PCM sandwich design became 

beneficial for winter performance. 

At 16 cm, the sandwich PCM-HLC provided the strongest thermal response 

within this set. It reduced energy use by 15% relative to the 16 cm monolithic HLC and 

by 44% relative to the 10 cm monolithic HLC. The engineering implication is that a 
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double-PCM sandwich can be effective in cold climates only when the PCM is 

sufficiently protected by surrounding insulation. 

One physical interpretation is thermal decoupling. At 10-12 cm, the exterior 

gradient likely keeps the PCM-rich regions outside their useful phase-change range for 

much of the winter week. At 14-16 cm, the added outer insulation reduces this exposure 

and may allow the PCM layers to contribute more effectively to thermal lag. This 

interpretation is based on the simulated temperature response and should be confirmed 

with future phase-fraction tracking. 

Table 7.5 summarises energy consumption relative to the 10 cm monolithic HLC 

panel and reports energy saving per unit thickness. This metric was used to compare 

thermal benefit with wall-depth penalty. 

Table 7.5. Energy savings and calculated efficiency per unit thickness for various 

thicknesses of sandwich PCM-HLC wall. 

Total thickness (cm) 

Δ Energy 

relative to 

monolithic 

HLC (W·h/m2) 

Δ Energy per unit thickness 

((W·h/m2)/cm) 

10 + 883 + 88 

12 + 110 + 9 

14  -  195  -  14 

16  -  337  -  21 

The thickness sensitivity study identifies two useful design thresholds. The 12 cm 

case nearly removed the winter penalty but did not fully outperform the monolithic 

baseline. The 14 cm case crossed from penalty to benefit, with an energy-saving intensity 

of -14 (W·h/m²)/cm. Increasing to 16 cm improved the saving intensity to -21 

(W·h/m²)/cm. 
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Although 16 cm produced the highest tested saving per unit thickness, wall depth 

and material use may limit its practicality. The 14 cm design should therefore be 

interpreted as the minimum viable double-PCM thickness for the modelled Ottawa 

winter, while 16 cm represents the stronger thermal option within the tested range. 

This result provides a design rule rather than a universal optimum: for the selected 

material properties and Ottawa weather file, the double-PCM sandwich required at least 

14 cm total thickness to outperform monolithic HLC during winter. 

7.5. Sensitivity study: middle-layer thermal resistance 

7.5.1. Air-cavity strategy 

The thickness study showed that the double-PCM sandwich needed at least 14 cm 

to outperform monolithic HLC. Because retrofit applications often have stricter wall-

depth limits, the next sensitivity study examined whether the required thickness could be 

reduced by increasing thermal resistance within the existing profile. 

The tested strategy replaced the solid middle insulation layer with an unventilated 

air gap while keeping the other layers unchanged. The criterion was whether the added 

thermal break could maintain the summer cooling benefit while reducing or reversing the 

winter heating penalty. 

7.5.2. Results and discussion 

7.5.2.1. 10 cm thickness 

For the 10 cm sandwich panel, the air-cavity variant was used to test whether a 

thermal break could mitigate the winter penalty identified in the solid-core design. Fig. 

7.13 compares the monolithic HLC, the original 10 cm double-PCM sandwich, and the 

10 cm air-core sandwich under the same summer and winter weeks. 
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Fig. 7.13. Comparative analysis of a 10 cm thickness air-core sandwich PCM-HLC 

design against the original sandwich PCM-HLC and a monolithic control under typical 

summer and winter weeks. 

In summer, both sandwich configurations dampened interior surface-temperature 

fluctuations more than the 10 cm monolithic HLC. The air cavity did not substantially 

change the summer response, indicating that the PCM layers rather than the middle-layer 

resistance controlled the cooling-season benefit. 

In winter, the monolithic HLC maintained the highest interior surface temperature 

among the 10 cm cases. The original double-PCM sandwich remained the weakest 

configuration, while the air-core sandwich improved the surface temperature relative to 

the solid-core sandwich. 
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The physical explanation is that the air gap increased static thermal resistance and 

reduced the conductive path through the middle of the assembly. This improvement was 

not large enough to overcome the limited total thickness, but it reduced the penalty 

associated with the thin double-PCM layout. 

The engineering implication is that adding a thermal break is useful but 

insufficient at 10 cm for this double-PCM geometry. In severe winter conditions, wall 

depth and exterior insulation remain controlling constraints. 

The comparative energy performance for the 10 cm wall configurations during 

typical summer and winter weeks is summarized in Fig. 7.14. These figures quantify the 

total heating and cooling demand required to maintain indoor thermal comfort. 

 

Fig. 7.14. Comparative energy performance of 10 cm thickness monolithic HLC, 

sandwich PCM-HLC, and air-core sandwich PCM-HLC in the typical summer and winter 

week. 
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For the 10 cm configurations, both sandwich variants avoided cooling demand 

during the selected summer week, while the monolithic HLC required 49 W·h/m². This 

again reflects the modelled typical-week conditions rather than a general claim of zero 

cooling demand. 

In winter, the air cavity reduced the heating demand of the double-PCM sandwich 

from 4113 to 3645 W·h/m². This reduced the winter penalty relative to monolithic HLC 

from 27% to 13%. The result supports the thermal-break concept, but it also shows that 

the 10 cm double-PCM design still underperforms the monolithic baseline. 
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7.5.2.2. 12 cm thickness 

The dynamic thermal response of the 12 cm wall configurations under 

representative summer and winter conditions is illustrated in Fig. 7.15.  

 

Fig. 7.15. Comparative analysis of a 12 cm thickness air-core sandwich PCM-HLC 

design against original sandwich PCM-HLC and a monolithic control under 

representative summer conditions. 

For the 12 cm cases, both sandwich configurations dampened summer 

temperature fluctuations relative to monolithic HLC. The air-core design showed the 

most stable interior surface temperature, suggesting that the added thermal break 

improved transient control without increasing total thickness beyond 12 cm. 
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In winter, the 12 cm air-core sandwich nearly overlapped the monolithic HLC 

temperature response and outperformed the original solid-core sandwich. This 

observation indicates that increasing the middle-layer resistance becomes more effective 

once the total wall depth is slightly increased. 

This thermal stability directly translates into the energy reductions summarized in 

Fig. 7.16. 

 

Fig. 7.16. Comparative energy performance of 12 cm thickness monolithic HLC, 

sandwich PCM-HLC, and air-core sandwich PCM-HLC under typical summer and winter 

weeks. 

During the selected summer week, the 12 cm monolithic HLC required 30 

W·h/m² of cooling energy, while both sandwich designs avoided cooling demand under 

the model assumptions. 
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During winter, the 12 cm air-core sandwich had the lowest heating demand, 2643 

W·h/m², compared with 2767 W·h/m² for monolithic HLC and 2877 W·h/m² for the 

solid-core sandwich. This corresponds to a 4% saving relative to the monolithic baseline. 

The 12 cm air-core case is therefore the minimum tested air-core configuration 

that improved both summer and winter performance relative to monolithic HLC. The 

result suggests that a thermal break can partly substitute for added thickness, but only 

when the remaining layers still provide enough resistance to protect the PCM. 

7.6. Sensitivity study: PCM phase-change temperature 

7.6.1. Phase-change-temperature strategy 

The previous studies showed that resistance and layer placement control whether 

PCM can operate within a useful temperature range. This section therefore treats phase-

change temperature as a sensitivity variable for the 12 cm air-core design. The aim was to 

test whether shifting the PCM transition range could improve energy performance 

without changing wall thickness. 

The tested transition range was 15-20 °C, selected from practical cold climate 

temperature, thermal-comfort considerations and feasible fatty-acid formulations [110, 

269]. The 12 cm air-core geometry was held constant so that differences in performance 

could be attributed mainly to phase-change-temperature selection. 

A spatial-gradient strategy was evaluated by assigning a higher transition range to 

the indoor PCM layer and a lower transition range to the outdoor PCM layer. As shown 

in  

Table 7.6, four different PCM phase transition temperature configurations were 

compared against the control of Monolithic HLC sample as a sensible heat baseline.  
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Table 7.6. PCM phase transition temperature ranges used for gradient sandwich panel 

simulations. 

Configuration 
Indoor PCM layer 

Tm and Ts range (°C) 

Outdoor PCM layer 

Tm and Ts range (°C) 

Original 21.05–22.82 18.79–19.56 

Gradient 1 17–18 15–16 

Gradient 2 18–19 16–17 

Gradient 3 19–20 17–18 

This design logic assumes that matching phase-change temperature to the thermal 

gradient can increase the time that each PCM layer spends near its transition range. The 

assumption was evaluated through the simulated surface temperature and energy demand, 

rather than treated as an established mechanism. 
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7.6.2. Results and discussion 

To evaluate the effect of phase-change-temperature selection, the transient interior 

surface temperatures under representative summer (top) and winter (bottom) weather 

conditions in Ottawa were plotted in Fig. 7.17. 

 

Fig. 7.17. Comparative dynamic thermal response of a 12 cm monolithic HLC baseline 

and 12 cm air – core sandwich PCM-HLC configurations utilizing spatial phase – change 

temperature gradients under representative summer and winter conditions. 

In summer, phase-change temperature affected transient temperature stability. The 

original-temperature design and Gradient 3 kept the interior surface temperature nearly 

flat during the hottest part of the week. Gradients 1 and 2 delayed and reduced 
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temperature rise initially, but their profiles began to approach the monolithic trend near 

the end of the week. 

A plausible explanation is that lower transition ranges caused the PCM to 

complete melting earlier during hot periods, leaving less latent capacity later in the cycle. 

This interpretation is consistent with the simulated temperature profiles, although direct 

melt-fraction tracking was not included. 

In winter, all phase-change-temperature gradients produced similar interior 

surface temperatures, and the sandwich panels remained close to the 12 cm monolithic 

HLC baseline. 

This convergence suggests that, under the selected winter week, static thermal 

resistance controlled performance more strongly than phase-change temperature. The 

PCM layers may have remained largely outside their active range for much of the period, 

so changing the transition temperature within 15-20 °C had limited effect. 

Fig. 7.18 summarises the energy consequence of this sensitivity study. It 

compares the monolithic baseline with the original and gradient PCM-temperature 

configurations for the 12 cm air-core sandwich. 
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Fig. 7.18. Comparative energy performance of 12 cm thickness monolithic HLC and air-

core sandwich PCM-HLC across different phase change temperatures.  

All 12 cm air-core sandwich designs used less energy than the monolithic baseline 

under the modelled weeks. However, changing the PCM phase-change temperature 

altered total energy demand by only about 0.3% under the current HVAC control 

strategy. The engineering implication is that phase-change tuning can refine summer 

temperature stability, but it is secondary to geometry and insulation for annual energy 

reduction in this cold-climate case. 

7.7. Sensitivity study: single-PCM-layer configuration 

The preceding results indicate that an exterior PCM layer can become ineffective 

in a thin cold-climate wall if it remains below its transition range. The final sensitivity 



 

176 

 

study therefore reallocated the 10 cm profile by removing the exterior PCM layer and 

increasing exterior HLC insulation. The objective was to test whether a single indoor 

PCM layer could preserve summer buffering while improving winter resistance. 

The exterior PCM layer was replaced with HLC insulation, while the indoor PCM 

layer retained the original transition temperature. Two middle-layer options were then 

compared: solid HLC insulation and an air cavity (Fig. 7.19). 

 

Fig. 7.19. Schematic illustration of singular PCM sandwich design. 

This configuration tests a simpler division of function: exterior layers provide 

static resistance, and the indoor PCM layer provides latent storage near the conditioned 

zone. 

• Winter criterion: replacing the exterior PCM layer with HLC increases 

exterior thermal resistance and reduces the risk that dense PCM behaves 

only as a conductive sensible mass during sub-zero periods. 

• Summer criterion: retaining the indoor PCM layer preserves latent 

buffering near the indoor surface, where it can respond to residual heat 

gains after the exterior insulation has dampened the outdoor thermal wave. 
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The singular-PCM strategy therefore prioritises spatial efficiency. It does not 

assume that less PCM is always better; rather, it tests whether PCM placement is more 

important than PCM quantity in a thin wall. 

7.7.1. Results and discussion 

The dynamic thermal response was evaluated under both summer and winter 

conditions, as shown in Fig. 7.20, to assess the effect of the single-PCM sensitivity 

strategy. 

 

Fig. 7.20. Dynamic thermal response of the 10 cm building envelope configurations 

showing interior surface temperature profiles under typical summer and winter weeks. 

In summer, all PCM-integrated configurations dampened exterior temperature 

fluctuations relative to monolithic HLC. The original double-PCM design produced the 

lowest interior surface temperatures, while the singular-PCM designs stabilised closer to 

21 °C. The singular configurations warmed faster near the end of the hot week, which is 

consistent with their lower total PCM volume. 
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In winter, the single-PCM configurations outperformed the original double-PCM 

sandwich. The best response occurred when the single indoor PCM layer was combined 

with a middle air cavity. This observation supports the interpretation that, in thin cold-

climate walls, exterior resistance can be more valuable than an additional exterior PCM 

layer. 

The energy-demand comparison in Fig. 7.21 quantifies the engineering 

consequence of the transient temperature responses. 

 

Fig. 7.21. Comparative seasonal heating and cooling energy consumption across 

monolithic, original double PCM layer sandwich, and optimised singular PCM sandwich 

design building envelope configurations. 

During the selected summer week, all PCM configurations avoided cooling 

demand under the model assumptions. The energy-load difference between double- and 

single-PCM layouts was therefore negligible for this weather period, even though their 

temperature profiles differed. 

Winter heating demand separated the designs more clearly. The monolithic HLC 

required 3230 W·h/m², the original double-PCM sandwich required 4113 W·h/m², and 
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the double-PCM air-core version required 3645 W·h/m². These results show that a 

thermal break helps, but it does not fully compensate for less favourable PCM placement 

in a 10 cm profile. 

The singular-PCM strategy reduced winter demand to 2531 W·h/m², and the 

singular-PCM middle-air design reduced it further to approximately 2347 W·h/m². This 

is about 27% lower than the monolithic HLC baseline and about 43% lower than the 

original double-PCM sandwich. 

The implication is that the best 10 cm cold-climate design was not the design with 

the most PCM. It was the design that placed PCM near the conditioned side and protected 

it with sufficient exterior resistance. This finding is central to transferring the method to 

other climates and wall-depth constraints. 

7.8. Summary 

This chapter develops and evaluates a multilayer PCM-HLC sandwich envelope 

using an experimentally validated finite-volume model. The central scientific problem is 

how to place PCM within a bio-based wall so that it acts as useful latent storage rather 

than as an unintended heat-loss pathway. The contribution is therefore a design 

methodology, not a single wall geometry. 

Model validation showed good agreement with the 10 cm experimental sandwich 

block, with an approximate MAE of 0.2 °C and a maximum percentage difference of 

about 3%. SEM observations qualitatively supported the intended contrast between dense 

PCM-HLC, porous insulation, and compact lime-plaster layers. These observations 

support the modelling assumptions but do not independently prove the heat- or moisture-

transfer mechanisms. 

• The baseline comparison established the main scientific constraint: PCM 

improves summer thermal buffering, but a thin double-PCM wall can 
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increase winter heating demand if the PCM is not protected by enough 

insulation. This finding explains why PCM content alone is not a reliable 

design criterion for cold-climate envelopes. 

• The thickness sensitivity study showed that the double-PCM sandwich 

required at least 14 cm total thickness to outperform monolithic HLC in 

the modelled Ottawa winter. The 16 cm case provided the strongest 

performance within the tested thickness range, but the 14 cm result defines 

the minimum viable tested thickness for this double-PCM configuration. 

• The air-cavity and single-PCM sensitivity studies show how the method 

can guide thinner retrofit-oriented designs. For a 12 cm wall, the air-core 

double-PCM design produced modest winter savings. For a 10 cm wall, 

reallocating the exterior PCM volume to insulation and retaining a single 

indoor PCM layer with a middle air cavity produced the lowest winter 

demand among the tested configurations. 

• The broader significance is that PCM-integrated bio-based envelopes 

should be designed by climate-specific parametric assessment. In cooling-

dominated climates, PCM transition temperature and latent storage 

capacity may be the primary variables as they have the greatest influence 

on maintaining stable indoor temperature and reducing cooling load. In 

heating-dominated applications, especially on the exterior layer of the 

building envelope, thermal resistance is the most influential factor and 

should be considered as prioritywhile PCM placement, and wall-depth of 

the entire building envelope also matters. This framework can therefore 

guide both researchers and practitioners by showing which design 

variables should be tested before selecting a PCM-HLC wall 

configuration. 
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8. Chapter 8: Conclusions, limitations, and future recommendations 

8.1. General conclusions 

This thesis advances the understanding of PCM-HLC by linking material design, 

composite behaviour, and PCM-HLC performance as a building envelope within one 

research framework. The central finding is that PCM-HLC cannot be designed by 

maximizing PCM content alone. Its performance depends on the coupled effects of hemp 

shiv geometry, binder continuity, PCM loading, specimen geometry, moisture response, 

and layer placement. 

At the material scale, the work showed that reducing hemp shiv particle size and 

increasing binder content can increase PCM uptake and improve the practicality of high-

PCM formulations. The 70% substitution level represents a demonstrated upper range for 

the materials and preparation method used in this thesis, rather than a universal limit for 

all hemp-lime systems. The SCM-modified binders further showed that matrix design is 

central to maintaining cohesion when fatty-acid PCM is introduced at high loading. 

The test results of PCM-HLC incorporated with different amount of PCM proved 

that the mechanical, thermal, and hygric behaviour of PCM-HLC is coupled. Increasing 

PCM content improved latent heat storage but also changed density, moisture buffering, 

and strength-related behaviour. The casting-direction and specimen-size studies further 

indicate that anisotropy and scale effects remain important, even when smaller shiv 

particles reduce directional variation. 

Simulating PCM-HLC as the core of a novel sandwich panel design shows that 

PCM-HLC can be more effective when used as part of a multilayer system rather than as 

a monolithic wall material. Under the selected Ottawa weather, the single-PCM sandwich 

with a middle air cavity reduced winter heating demand relative to the monolithic HLC 

baseline and the original double-PCM sandwich. This finding supports a climate-specific 

design principle: PCM layers should be placed where they can be thermally activated 

while remaining protected from excessive heat loss. 



 

182 

 

8.2. Research contributions 

The completed research contributes new scientific knowledge in four main areas. 

These contributions concern the behaviour and design logic of PCM-HLC, rather than 

only the experimental procedures used to generate the data. 

• Material characterization for high-PCM-HLC design 

The thesis shows that hemp shiv particle size and binder content strongly 

influence the feasible PCM loading range. Small ground shiv enabled high PCM 

substitution in the tested system, while SCM selection affected matrix cohesion 

and the suitability of the composite for layered-envelope applications. This 

provides a material-design basis for selecting aggregate size and binder 

composition when latent heat storage is the target function. 

• Evidence on anisotropy, specimen size, and measurement comparability 

The casting-direction and specimen-size results provide evidence that 

PCM-HLC properties remain sensitive to sample geometry and orientation. 

Reduced shiv size can limit directional variation, but it does not remove the need 

for consistent specimen preparation and reporting. This contribution is important 

because PCM-HLC data from different studies can otherwise be difficult to 

compare. 

• Performance trade-off map for PCM substitution 

The substitution study established that PCM content produces competing 

benefits and penalties. Higher PCM loading increased thermal storage potential, 

whereas moisture buffering and some mechanical indicators became less 

favourable. The resulting trade-off map supports material selection by function, 

with moderate substitution more suitable for balanced hygrothermal performance 

and higher substitution more suitable when thermal storage is the primary goal. 
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• Parametric design framework for multilayer PCM-HLC envelopes 

The sandwich-wall study contributes a design framework for using PCM-

HLC in space-constrained building envelopes. The simulations indicate that PCM 

placement, exterior thermal resistance, and phase-change temperature can be 

more important than PCM volume alone. The proposed single-PCM air-cavity 

configuration should therefore be interpreted as the best option among the tested 

cases and assumptions, not as a universally optimal wall design. 

8.3. Limitations and future work 

The conclusions above should be interpreted within the boundaries of the study. 

The thesis combines laboratory testing with numerical modelling, and each method 

introduces assumptions that affect how broadly the findings can be transferred. 

The material results are based on selected hemp shiv sources, particle-size 

preparation routes, binder compositions, and fatty-acid PCM mixtures. Natural variability 

in hemp shiv morphology, absorptivity, and chemical composition may change PCM 

uptake, compaction response, and long-term moisture behaviour. The reported design 

trends are therefore most reliable for materials similar to those tested here. 

The numerical envelope analysis was validated against laboratory-scale sandwich 

specimens and then extended through simplified boundary conditions. This approach is 

appropriate for comparing design variables, but it does not capture all full-scale effects, 

including workmanship, multidimensional thermal bridges, wind-driven rain, air leakage, 

occupant behaviour, and long-term material ageing. 

The thesis also did not directly assess fire behaviour, biological degradation, 

fatty-acid leakage over extended service periods, freeze-thaw durability, or full life-cycle 

impacts. These could be addressed in the future for broad building-code adoption or 

commercial deployment. 
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Future work should therefore be prioritized around the uncertainties that most 

strongly affect interpretation and implementation. 

• First, full-scale envelope testing should be carried out under realistic 

weather exposure. There might be discrepancies between laboratory-scale 

characterization and full-scale wall deployment due to different boundary 

conditions and macro-scale hygrothermal behavior constraints, that must 

be accounted for in future envelope validations. While laboratory testing 

establishes a vital baseline, the simplified boundary conditions inherently 

fail to capture the complicated nature of real-world environments. In the 

laboratory, specimens are exposed to controlled, idealized one-

dimensional temperature gradients. Real-world full-scale envelopes, 

conversely, are subjected to dynamic, multi-directional weather exposures, 

such as wind-driven rain, solar radiation, and fluctuating ambient relative 

humidity, which alter the driving forces behind heat and moisture transfer. 

These complex boundary conditions will possibly result in different 

hygrothermal behaviour than in the lab. In a standard laboratory heat flow 

meter or guarded hot box setup, moisture transport is typically restricted or 

evaluated under static conditions. In a complete wall assembly, however, 

heat and moisture transport are coupled, multi-directional phenomena. 

Because hemp shiv is a natural material characterized by inherent 

structural variability, its local morphology and absorptivity dictate how it 

responds to macro-scale moisture accumulation and bulk air leakage. 

Elevated moisture levels within a full-scale wall might reduce the 

material's bulk thermal insulation performance. This coupled behavior will 

impact immediate thermal performance.  

• Second, the numerical framework should be expanded across climates, 

wall-depth constraints, setpoint schedules, and PCM transition ranges. 

This would test whether the design rules identified for Ottawa remain 

valid in cooling-dominated, mixed, and more severe heating climates. 
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• Third, safety, life-cycle, and manufacturing studies should be conducted. 

Fire resistance, biological durability, embodied carbon, end-of-life 

options, cost-benefit, and prefabrication methods would be indicative to 

practical adoption. Real world scenario might introduce long-term 

durability risks, such as accelerated biological degradation, freeze-thaw 

damage, and potentially altered fatty-acid thermal behaviours over 

extended service periods that small specimens may not simulate. A cost-

benefit may also be done to better assess PCM-HLC’s long term economic 

trade-offs. 

Finally, laboratory-scale testing operates under the assumption of material 

continuity and homogeneous layer interfaces, neglecting the critical physical and 

structural realities of on-site construction. Full-scale wall systems inevitably introduce 

workmanship variations, material settling, structural framing members, and multi-

dimensional thermal bridges. These structural discontinuities disrupt uniform heat flow, 

creating localized microclimates and internal air gaps within the wall. These gaps can 

trigger micro-convective loops and localized thermal stress, further deviating from the 

idealized thermal resistance values measured in the lab. Consequently, future work must 

prioritize full-scale environmental chamber or field testing alongside expanded numerical 

frameworks across diverse climatic zones. Moving beyond the Ottawa baseline to 

cooling-dominated and severe heating climates will test the limits of these structural and 

hygrothermal interactions, ensuring the material rules remain valid under the physical 

realities of commercial deployment and building-code compliance. 

Overall, this thesis shows that PCM-HLC, as an insulating bio-composite with 

added latent heat capacity, has the potential to be integrated into a building envelope 

whose performance depends on how PCM, hemp shiv, binder, moisture transport, and 

layer geometry interact. By defining these interactions more clearly, the work provides a 

foundation for future low-carbon building envelopes that combine renewable materials 

with passive thermal-energy management. 
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Appendix A 

a. Raw materials – HL 

Table A.1. Physical and chemical properties of HL [270]. 

Property Value 

Physical state and appearance Solid – fine powder 

Colour White 

Odour Sweet soil – like odour 

pH 12.45 saturated solution at 25℃ 

Relative density 2.3–2.4 

Solubility Water: 0.165 g /100 ml at 20℃ 

Decomposition temperature 540℃ 

 

b. Raw materials – Slag 

Table A.2. Physical and chemical specifications of slag from the distributor's mill 

certificate. 

Property Value 

Physical state and appearance Solid – fine powder 

Colour Light grey 

Odour Slight sulphur odour 

Specific gravity 2.91 

Melt/freezing point 1425℃ 

Water solubility insoluble 
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c. Raw materials – Metakaolin 

Table A.3. Physical and chemical properties of metakaolin provided by the manufacturer 

[227]. 

Property Value 

Physical State Solid (Powder) 

Appearance Fine, Off – white 

Odour Odourless 

pH 7.2 (50% solids suspension) 

Vapour Pressure Negligible 

Flammability (Solid, 

Gaseous) 
The product is not flammable 

Auto Ignition The product is not self – igniting 

Decomposition Temperature 
400–550 °C (750–1100°F)  -  structural 

decomposition 

Solubility Insoluble in water 

Specific Gravity 2.56 g/cm³ 

Bulk Density 50 g/ft³ (800 kg/m³) 

Molecular Formula Al₂O₃·2 SiO₂ 

Molecular Weight 222.1 
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d. Raw materials – Silica fume 

Table A.4. Physical and chemical properties of silica fume [271]. 

Property Value 

Physical state and 

appearance 

Solid – fine powder 

Colour Dark grey 

Odour Odourless 

pH 6–8 

Specific gravity 2.2 

Density 2100–2300 kg/m3 

Melt/freezing point 1550–1700℃ 

Water solubility insoluble 

e. PCM physical and chemical properties  

Table A.5. Physical and chemical properties of CA [272]. 

Property Value 

Appearance Crystalline 

Colour White to light yellow 

Odor Rancid 

pH ca. 4 (20 °C) 

Concentration 0.2 g/l 

Melting Point / Range 27–32 °C 

Method (Melting Point) lit. 

Boiling Point / Range 268–270 °C 

Method (Boiling Point) lit. 

Flash Point 147 °C (1,013 hPa) 

Method (Flash Point) ASTM D 93, closed cup 

Vapor Pressure 0.13 hPa (79 °C) 
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Table A.6. Physical and chemical properties of LA [272]. 

Property Value 

a) Appearance  

Form Solid 

Colour White to light yellow 

b) Odour Weak characteristic odour 

e) Melting Point / Freezing 

Point 
43–45 °C (109–113°F) 

f) Initial Boiling Point / Range 299 °C (570°F) at 1,013 hPa 

g) Flash Point 176 °C (349°F)  -  closed cup 

j) Flammability/Explosive 

Limits 
Lower explosion limit: 0.6% (V) 

k) Vapour Pressure 
0.15 hPa at 100 °C (212°F); < 0.1 hPa at 25 °C 

(77°F)  -  (Lit.) 

l) Vapor Density 6.91 

m) Density 0.883 g/cm³ at 50 °C (122°F) 

Relative Density No data available 

n) Water Solubility 0.058 g/l at 20 °C (68°F) 

o) Partition Coefficient (log 

Pow) 
4.6  -  (Lit.), Potential bioaccumulation 

p) Autoignition Temperature > 250 °C (> 482°F) 

Surface Tension 26.6 mN/m at 70 °C (158°F) 

Dissociation Constant 5.3 at 20 °C (68°F) 

Relative Vapour Density 6.91 
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Table A.7. Physical and chemical properties of MA [272]. 

Property Value 

Appearance Powder 

Colour White 

Melting point / Range 52–54 °C 

Boiling point / Range 250 °C (133 hPa) 

Flash point > 113.00 °C 

Method (Flash point) Closed cup 

Density 0.8622 g/cm³ (54 °C) 

 

Table A.8. Physical and chemical properties of PA [272]. 

Property Value 

Appearance Flakes 

Colour White 

Melting point / Range 61–62.5 °C 

Boiling point / Range 271.5 °C (133 hPa) 

Flash point 113 °C 

Vapor pressure 10 mmHg (210 °C) 

Density 0.852 g/mL (25 °C) 

Water solubility 0.00005 g/l (20 °C) 

Partition coefficient (log Pow) 7.17 

 

  



 

219 

 

Table A.9. Physical and chemical properties of SA [272]. 

Property Value 

Appearance Form: Solid 

Melting point / Freezing point 67–72 °C (153–162°F)  -  lit. 

Initial boiling point / Range 361 °C (682°F)  -  lit. 

Density 0.845 g/cm³ 
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