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SUMMARY 

 

This thesis explores the development of insulation materials aimed at enhancing 

sustainable building performance, focusing on reducing energy demand, carbon emissions, 

and material consumption in the construction sector. The key findings are as follows: 

In-depth Analysis of Bio-Based Insulation Composites: Several bio-based materials, 

including straws, hemp, grass, cork, and mycelium, were investigated. Cork composite 

emerged as the most promising, with the lowest thermal conductivity, low sorption 

properties, and minimal risk of mould growth. In contrast, mycelium composite had the 

highest thermal conductivity and was prone to mould growth in humid environments. 

Barley straws demonstrated superior performance over wheat straws, with lower sorption 

capacity, lower thermal conductivity, and reduced mould growth. The application of an 

antifungal surface treatment with boric acid significantly enhanced the mould resistance of 

straw-based insulation. The study emphasizes the importance of selecting bio-based 

materials based on specific applications and climatic conditions to optimize their 

performance and durability. 

Development and Evaluation of Insulation Composites from Bio-Based, Waste-

Based, and By-Products: This thesis explores the development of insulation boards and 

lightweight aggregates. Fly ash-based geopolymer proved to be a viable alternative to 

Ordinary Portland Cement (OPC) in producing wood wool geopolymer boards (WWGB), 

meeting required strength benchmarks. The mechanical strength of these boards was 

primarily influenced by the Na2O concentration, followed by the slag percentage and the 

modulus. However, substituting wood wool with straw in straw geopolymer boards (SGB) 

resulted in reduced overall performance. Both SGB and WWGB exhibited higher 

environmental impacts in more than half of the 19 assessed impact categories compared 

to conventional wood wool cement boards (WWCB), highlighting the need for a 

comprehensive evaluation of multiple environmental indicators, as material substitution 

can lead to trade-offs in sustainability. Additionally, waste stone wool was successfully 

repurposed to produce alkali-activated lightweight aggregates, aligning with high-grade 

recycling initiatives within the circular economy framework. 

Energy Rehabilitation of Existing Building Stocks: Simulations of a typical Dutch 

building with a cavity wall, rehabilitated with an advanced aerogel composite, showed 

significant reductions in annual heating and cooling demand, along with improved thermal 

comfort for occupants. For crawl space rehabilitation, using lightweight aggregates as 

ground cover insulation led to a notable reduction in water content and an increase in floor 

surface temperature within the floor assembly. 

Moisture-Dependent Thermal Conductivity: A two-phase model was proposed to 

predict moisture-dependent thermal conductivity in porous materials, providing a reliable 

fit to the experimental data. 
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This thesis highlights the potential of bio-based and waste-based insulation materials to 

contribute significantly to sustainable building practices, while also addressing the 

challenges in balancing performance, durability, and environmental impact. 
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1. INTRODUCTION 

  

1.1.  BACKGROUND AND MOTIVATION 

The global building and construction sector significantly impacts energy consumption and carbon 

emissions, accounting for 34% of final energy demand and 37% of total global CO2 emissions [1]. 

Moreover, the built environment demands approximately 23.5 billion tonnes of raw materials 

globally [2], making up 30% of the total material demand across various sectors in high-income 

countries. Despite a 15% expansion in building floor space since 2015, energy use per square meter 

has improved by a mere 6% during the same period [3]. This, coupled with a consistent annual 

increase of around 1% in overall energy demand and emissions [1], underscores the challenges at 

hand. Climate change further compounds these challenges, necessitating the retrofitting of existing 

buildings and the design of new ones to withstand climate extremes [1]. Given these complexities, 

it is crucial to explore all avenues for sustainable development within the building and construction 

sector, with the aim of reducing energy demand, carbon emissions, and material demand. To tackle 

these challenges, stakeholders have adopted three core strategies: energy retrofitting of existing 

building stocks [1, 3], decarbonization of construction materials [4], and the application of circular 

economy principles in the built environment [5, 6, 7], as illustrated in Fig. 1.1. 

 

Fig. 1.1 Illustration of core strategies for sustainable building development. 

In cold climate zones, energy retrofitting of existing building stocks is essential to reduce overall 

heating demand. Buildings with poor insulation, suboptimal design and insufficient ventilation can 

risk overheating during heat waves, amplifying health risks and escalating energy demand [1]. 

However, the average retrofitting rate of the building stock is less than 1% per year, resulting in a 

reduction of less than 15% in energy intensity [3]. To achieve a 50% reduction in carbon emissions 

by 2030, the retrofitting rate would need to increase to between 2.5 and 5% annually. This 

necessitates the rehabilitation of the building envelop, including glazing, to enhance insulation 
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performance in the majority of housing stocks, including those buildings with insufficient space 

for an additional insulation layer. Significant progress has been made in this area, such as the 

application of superinsulation materials like vacuum insulation panels and silica aerogel, which 

could be applied to these building stocks. 

In the Netherlands, building-related energy consumption in the services and households sectors 

accounts for 37% of the total energy consumption, with the largest part being used for space 

heating [8]. Many residential properties built before the 1970s in the Netherlands feature empty 

cavity walls and crawl spaces that require retrofitting [9]. The Dutch government has implemented 

a wide variety of policies and actions for the rehabilitation effort, including providing financial 

subsidies for insulation installation for homeowners [10]. In 2020 alone, over a million energy-

saving measures were taken in existing housing in the Netherlands, with cavity wall insulation being 

one of the most common [8]. More than 3 million m2 of cavity filling was carried out by certified 

contractors [11]. Amid these positive trends, ongoing progress is being made in the research and 

development of advanced materials that can further improve insulation performance. In addition, 

the performance of post-rehabilitated buildings with these advanced insulation materials is 

attracting further investigation [12]. 

While energy retrofitting focuses on reducing the operational energy in a building’s life cycle, it is 

necessary to lower the embodied carbon of the construction material to reduce the overall carbon 

footprint of the building. Policies on incorporating whole-life carbon have already gained traction 

in countries such as the Netherlands, Denmark and France where CO2 limits are imposed on new 

buildings [13]. Three pathways are proposed for the decarbonization of building materials [4]: avoid 

the extraction and production of raw materials by galvanising a circular economy, shift to 

regenerative material practices such as low carbon earth- and bio-based building materials, and 

improve methods to radically decarbonize conventional materials such as concrete and fossil-based 

polymer materials.  

Bio-based building materials, either wood-based or containing other natural fibres, are one of the 

solutions for producing low-carbon materials. They generally have a lower embodied energy than 

synthetic materials, can be sourced locally, and have diverse building applications to achieve the 

desired performance characteristics [14]. One proposal for wider usage is to create incentives to 

encourage the conversion of biomass into building materials, and policy support is needed to 

encourage the conversion of biomass feedstock to bio-based insulation [4]. For instance, a similar 

policy has been implemented in the Netherlands, where extra financial subsidies for insulation 

installation for homeowners when bio-based insulation materials are applied in building 

rehabilitation [10]. However, the intrinsic hygroscopic nature of bio-based materials and their 

tendency to absorb moisture [15], the associated durability concerns such as mould development 

[16], and the lack of standardized best practices within building types and climate zones [1], may 

hinder their widespread usage. Other factors such as competition with other users of biomass, for 

example, biomass energy power plants [2], and the lack of investment in this front [1], pose a 

challenge in this effort as well. 

The most frequently used thermal insulation materials in Europe are inorganic mineral fibres, 

followed by fossil-based polymer materials, such as expanded and extruded polystyrene and 

polyurethane foam, whilst all other materials only cover the remaining 1% of the market, including 
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bio-based materials [17]. For instance, polymer-based insulation materials used in buildings are 

rarely recycled at their end-use [4]. In the Netherlands, overall insulation materials constitute a 

notable proportion of construction and demolition waste (CDW), with a significant amount being 

landfilled and incinerated, at approximately 8.8% and 8.6%, respectively [18]. One solution is to 

shift from these mineral-based and fossil-based materials to bio-based materials, for example, 

cellulose insulation and straw-based materials. Another direction is to implement the circular 

economy concept in the full life cycle of these insulation materials. 

A circular building is defined as optimizing the use of resources while minimizing waste in its full 

life cycle [6]. However, challenges abound when implementing the concept of resource efficiency 

and the circular economy in buildings, for example, structural resistance versus easy to disassemble, 

longevity versus flexibility, simple versus composite products, renovation versus new build, etc. [5]. 

The European Commission has focused on three specific objectives to tackle these challenges, 

which are the durability of building and their elements, adaptability including ease of replacement 

and refurbishment, and reducing waste and facilitating high-quality waste management [5]. 

Specifically, for building material development, a circular concept drives alternative material use, 

reduces the consumption of resources, and localises the supply chain [7]. For this reason, utilizing 

raw materials based on waste or by-products from local sources is especially important to close the 

circular loop. Industrial by-products such as slags and fly ash, and agricultural by-products such as 

straws, and CDW, are among the examples of this. These secondary materials enable applications 

such as applying fly ash and slag as precursors for alkali-activated binder, straws as main fibrous 

sources for insulation, and repurposing CDW into other building materials. 

The development of insulation materials for sustainable development is a multifaceted challenge 

that requires a concerted effort across various sectors. This thesis draws motivations from the 

overarching approaches dealing with the challenges facing the building and construction sector, 

which are the energy retrofitting of existing building stocks, decarbonization of construction 

materials, and circularity economy principles in the built environment.  

 

1.2.  RESEARCH METHODOLOGY AND FRAMEWORK 

1.2.1.  Hygrothermal material properties 

The hygrothermal material properties of insulation materials have been identified as a critical 

research component in advancing sustainable building development. The presence of moisture 

within the insulation materials leads to a higher thermal conductivity and potential material 

degradation. Understanding these properties is essential whether selecting the appropriate 

insulation solution for energy retrofitting of existing building stock, utilizing non-conventional 

materials such as bio-based insulation to reduce the carbon footprint of building materials, or 

developing new insulation composites from waste or by-products in line with circular economy 

principles. 

As a result, the hygrothermal material properties of insulation materials are the central focus of this 

thesis. Key physical, thermal, and hygric properties that significantly influence hygrothermal 
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performance will be experimentally measured to provide a comprehensive understanding of these 

materials. 

This thesis focuses on two primary thermal parameters: effective thermal conductivity for heat 

transport and specific heat capacity for heat storage. To gain a deeper understanding of moisture's 

impact on thermal conductivity, moisture-dependent thermal conductivity is also measured and 

included in this research. However, temperature-dependent thermal conductivity is not 

investigated, as the insulation materials studied are not intended for use in extreme temperature 

environments. Similarly, two hygric parameters are examined: sorption isotherm for moisture 

storage and water vapour diffusion resistance factor for moisture transport. The primary moisture 

transport mechanisms in porous building materials include vapour diffusion, capillary conduction, 

and surface diffusion. Accurately measuring each of these mechanisms individually is challenging. 

Therefore, this research focuses on the vapour diffusion resistance factor, excluding the liquid 

transport coefficient for water capillary conduction. This decision is based on the fact that the 

insulation materials studied are highly porous and are typically protected from direct exposure to 

driving rain or other water sources by surrounding components such as bricks or cladding. 

Additionally, physical parameters such as bulk density and porosity are investigated, with porosity 

specifically referring to pores with vapour-permeable walls that are accessible to water vapour. For 

bio-based materials, additional mould growth tests will be conducted. 

While certain factors (such as liquid conduction, temperature-dependent thermal conductivity, and 

temperature-dependent enthalpy) are not considered in this research framework, the majority of 

factors influencing hygrothermal characteristics are addressed.  

1.2.2.  Numerical simulations 

This thesis employs two types of numerical simulations to predict the performance of insulation 

composites under varying conditions. The first simulation type is heat, air, and moisture (HAM) 

modelling, which focuses on the hygrothermal performance of building assemblies incorporating 

the investigated insulation materials. The results of this simulation provide insights into the 

hygrothermal behaviour of non-conventional insulation materials or newly developed composites 

under different environmental conditions and assembly designs. The second simulation type is 

building performance modelling, which examines the hygrothermal performance, energy demands, 

and occupant comfort of a building that includes the investigated insulation materials. This 

simulation is particularly valuable for exploring building rehabilitation options using various 

insulation solutions. In both simulations, the experimental results of the insulation materials will 

be integrated into the numerical models to ensure accurate and reliable predictions. 

For the HAM simulations, one-dimensional, non-steady-state heat and moisture transport 

processes are modelled using coupled differential equations in WUFI Pro software [19]. The 

governing equations for heat and moisture transport are: 

𝜕𝐻

𝜕𝑇

𝜕𝑇

𝜕𝑡
=

𝜕

𝜕𝑥
[𝜆

𝜕𝑇

𝜕𝑥
] + ℎ𝑣

𝜕

𝜕𝑥
[
𝛿

𝜇

𝜕𝑝

𝜕𝑥
] (1-1) 

and 
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𝜌𝑤

𝜕𝑤

𝜕𝜑
∙

𝜕𝜑

𝜕𝑡
=

𝜕

𝜕𝑥
[𝜌𝑤𝐷𝑤

𝜕𝑤

𝜕𝜑

𝜕𝜑

𝜕𝑥
] +

𝜕

𝜕𝑥
[
𝛿

𝜇

𝜕𝑝

𝜕𝑥
] (1-2) 

respectively. Here, Dw (m2·s-1) is the liquid transport coefficient, H (J·m-3) the enthalpy, hv (J·kg-1) 

is the evaporation enthalpy of water, p (Pa) is the water vapour partial pressure, w (m3·m-3) is the 

water content, δ (kg·m-1·s-1·Pa-1) is the water vapour diffusion coefficient in air, T (°C) the 

temperature, λ (W·m-1·K-1) is the thermal conductivity, μ (dimensionless) is the vapour diffusion 

resistance factor, ρw (kg·m-3) is the density of water, and φ (dimensionless) is the relative humidity. 

The left-hand side of both equations comprises the storage terms, while the transport terms are on 

the right-hand side. In this model, the heat storage consists of the heat capacity of the material, the 

heat transport includes both moisture-dependent thermal conductivity and vapour enthalpy flow, 

the moisture storage is directly linked to the sorption isotherm, and the moisture transport contains 

both the liquid transport and vapour diffusion terms. Assuming the assembly is airtight, air 

convection and air leakages are excluded from the HAM simulation. Material properties for the 

main insulation materials under investigation are derived from experimental results, while standard 

material properties from the software's database are used for other materials. Specific cases of 

assembly design and boundary conditions (environmental conditions) are defined for each topic. 

For bio-based materials, the risk of mould growth under different climate conditions and design 

scenarios is further assessed using WUFI Bio software, which predicts germination and mould 

growth using germination isopleths [20]. 

The building performance, including indoor climate and comfort conditions within a reference 

building, is examined in detail using the WUFI Plus software. This examination involves calculating 

the balance of heat and moisture transfers within the room [21]. The heat balance and moisture 

balance are represented by the following equations: 

𝜕𝐻

𝜕𝑡
= ∑ 𝑄𝑐𝑜𝑚𝑝,𝑗

𝑗
+ 𝑄𝑠𝑜𝑙 + 𝑄𝑖𝑛 + 𝑄𝑣𝑒𝑛𝑡 + 𝑄𝐻𝑉𝐴𝐶 (1-3) 

and 

𝜕𝐶

𝜕𝑡
= ∑ 𝑊̇𝑐𝑜𝑚𝑝,𝑗

𝑗
+ 𝑊̇𝑖𝑛 + 𝑊̇𝑣𝑒𝑛𝑡 + 𝑊̇𝐻𝑉𝐴𝐶 (1-4) 

respectively. Here, H (J) is the overall enthalpy of the air in the simulated zone, C (kg) is the overall 

moisture content of the air in the simulated zone, Qcomp,j (W) is the transmission heat flow over 

component j, Qsol (W) is the short-wave solar radiation leading directly to heating the inner air, Qin 

(W) is the convective heat sources in the room, Qvent (W) is the heat flow from ventilation, QHVAC 

(W) is the convective heat flow from building ventilation systems, Ẇcomp,j (kg·s-1) is the moisture 

flow between inner wall surface j and room air, Ẇin (kg·s-1) is the moisture source in the room, 

Ẇvent (kg·s-1) is the moisture flow due to ventilation, and ẆHVAC (kg·s-1) is the moisture flow due to 

building ventilation systems. Material properties for the primary insulation materials under 

investigation are derived from experimental results, while standard properties from the software's 

database are used for other materials. Specific cases of building design, assembly design, and 
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boundary conditions, including necessary simplifications and assumptions, are defined for each 

topic. 

By combining experimental data and simulation approaches, this research framework aims to 

provide a comprehensive understanding of the hygrothermal performance of building insulation 

materials, particularly non-conventional materials, including bio-based, waste-based, and by-

product-based insulation composites. In addition, this approach enables the study of building 

rehabilitation performance using different insulation solutions in the absence of full-scale testing. 

1.2.3.  Composite development and characterizations 

Another key component of the research framework in this thesis is the development and 

characterization of insulation composites. The focus is on utilizing low-embodied energy raw 

materials, with a particular emphasis on bio-based materials, as primary components in the 

composite development. This approach is complemented by the incorporation of waste-based and 

by-product-based materials. 

In addition to the hygrothermal properties discussed earlier, several other critical characteristics are 

investigated. These include the chemical composition and additional physical properties of the 

materials. Fourier transform infrared (FT-IR) spectroscopy and thermogravimetric analysis (TGA) 

are employed as the primary tools for chemical composition analysis. Where relevant to the 

intended application, mechanical strength and acoustic performance are also evaluated. 

Furthermore, a life cycle assessment (LCA) is conducted as part of the thesis to assess the 

environmental impact of the developed composites. 

The choice of tests and methodologies for each research topic is tailored to the specific focus and 

objectives of the individual study. 

 

1.3.  SCOPE AND OBJECTIVE 

This thesis aims to advance the development of insulation materials that contribute to sustainable 

building performance. Based on key strategies identified for sustainable construction and the 

established research methodology, the research is structured around four primary objectives: 

1.3.1.  In-depth analysis of bio-based insulation composites 

This study investigates the durability and hygrothermal performance of bio-based insulation 

materials, addressing a critical need for broader application in construction. The research focuses 

on two categories of bio-based materials: commercially available insulation products (such as cork, 

hemp, mycelium, and grass-based composites) and agricultural by-products (specifically wheat and 

barley straws) used as standalone insulation materials. The analysis includes an evaluation of their 

hygrothermal properties, resistance to mould growth, and susceptibility to mould under various 

climatic conditions and construction details. Additionally, the potential of boric acid treatment to 

enhance the durability of straw-based insulation materials is explored. 
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This scope seeks to fill existing research gaps concerning the hygrothermal properties and 

performance of non-conventional bio-based insulation materials, particularly regarding mould 

growth risks and possible treatment methods under diverse environmental conditions. 

1.3.2.  Development and evaluation of insulation composites from bio-based, waste-based, 

and by-products 

The research aims to bridge the gap between conventional insulation materials and those derived 

from bio-based, waste-based, and by-product sources. It investigates two insulation applications: 

rigid insulation boards and lightweight insulation aggregates. The first part of the study proposes 

replacing high-embodied carbon raw material, ordinary Portland cement (OPC), in wood wool 

cement boards (WWCB) with fly ash-based geopolymer to create wood wool geopolymer boards 

(WWGB). The second part explores the potential of substituting commercial wood wool with straw 

in the production of straw geopolymer boards (SGB). The third part examines the recycling of 

stone wool to produce alkali-activated lightweight aggregates. The research covers manufacturing 

methods, design parameters, insulation and mechanical performance, as well as the physical and 

chemical properties of these materials. A life cycle assessment (LCA) is also conducted, focusing 

particularly on material replacement, allocation methods, and design parameters in the 

development of SGB. 

This scope aims to address research gaps in the development of sustainable porous insulation 

materials from low-embodied energy raw materials, providing new insights into their physical and 

environmental characteristics. 

1.3.3.  Energy rehabilitation of existing building stocks 

This research examines the hygrothermal performance of rehabilitated cavity walls and crawl spaces 

with limited space, an area requiring further study. The investigation focuses on two rehabilitation 

strategies: the use of commercially available aerogel composites in cavity walls, and the application 

of alkali-activated lightweight aggregates made from recycled stone wool as ground cover insulation 

in crawl spaces. The research includes both the characterization of these composites and the 

simulation of building performance following rehabilitation. 

This scope aims to fill research gaps related to the energy rehabilitation of existing buildings, 

specifically through the application of different insulation solutions to reduce energy demand and 

enhance occupant comfort. 

1.3.4.  Moisture-dependent thermal conductivity 

The research proposes a simplified approach for determining the moisture-dependent thermal 

conductivity of porous insulation materials, which are prone to moisture absorption, leading to 

increased heat transfer. The proposed solution, which relies on commonly measured and readily 

available parameters, is derived from existing multiphase models for porous materials. This 

approach is intended to simplify the typically complex measurement setup and analysis required 

for determining moisture-dependent thermal conductivity. 
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This scope aims to address research gaps in the application of effective thermal conductivity for 

moist porous materials, offering a straightforward predictive model. 

 

1.4.  OUTLINE OF THE THESIS 

Fig. 1.2 and Fig. 1.3 provide a visual representation of this thesis’s structure. In CHAPTER 2, the 

thermal and hygric properties of four bio-based insulation composites (mycelium, hemp, grass, and 

cork) are explored. Their hygrothermal performances, including mould growth potential, are 

simulated and analysed under various climate profiles and typical construction details. CHAPTER 3 

delves into the potential of wheat and barley straws as sustainable alternatives to conventional 

insulation materials. It also assesses the effectiveness of boric acid as an antifungal treatment for 

these straws. In CHAPTER 4, the focus shifts to the substitution of OPC with geopolymer in the 

production of wood wool geopolymer boards (WWGB). This chapter provides insights into 

manufacturing methods, design parameters, and performance characteristics. The composite 

formulation produced, involving fibre pre-treatment, adjustment of precursor components, and 

control of activator compositions, is also discussed. CHAPTER 5 evaluates the environmental and 

performance implications of using industrial and agricultural by-products as substitutes for raw 

materials in wood wool cement boards (WWCB). Here, geopolymer replaces OPC, and straws 

substitute wood wool. The life cycle impacts of these by-products are assessed using both economic 

and no-allocation methods. CHAPTER 6 examines the hygrothermal performance of rehabilitated 

cavity walls in the Netherlands, employing a state-of-the-art aerogel composite. CHAPTER 7 

investigates the high-grade recycling of stone wool from CDW into lightweight insulation 

aggregates, which are designed for ground cover insulation. It discusses the alkali-activation of 

various proportions of milled and as-is stone wools to produce these aggregates. CHAPTER 8 aims 

to develop a generalized solution for moisture-dependent thermal conductivity in porous material. 

This solution utilizes readily available parameters and is based on existing multiphase models for 

porous materials. Finally, CHAPTER 9 presents the conclusions of this thesis and proposes 

directions for future research and continuation. 
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Fig. 1.2 Outline of the thesis. 

 

Fig. 1.3 Methodology used in this thesis.  
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2. INVESTIGATION ON MATERIAL CHARACTERISTICS 

AND HYGROTHERMAL PERFORMANCES OF BIO-BASED 

COMPOSITES: CORK, HEMP, MYCELIUM AND GRASS 

 

ABSTRACT 

This chapter investigates the thermal and hygric characteristics of four bio-based insulation 

composites: mycelium, hemp, grass, and cork. Their hygrothermal performances, including the 

potential for mould growth, are simulated and analysed under various climate profiles and typical 

construction details. Among the composites, cork exhibits the best hygrothermal performance and 

is found to be suitable for all investigated climates without any mould growth. This is attributed to 

its hydrophobic nature and low thermal conductivity. Conversely, the mycelium composite is highly 

susceptible to mould growth risk. A medium level of risk is observed for both the hemp and grass 

composites. These findings underscore the importance of selecting appropriate bio-based 

composites based on the assembly design and local climate conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results presented in this chapter are published in the following article: 

C.H. Koh, F. Gauvin, K. Schollbach and H.J.H. Brouwers, "Investigation of  material characteristics and hygrothermal 

performances of  different bio-based insulation composites," Construction and Building Materials 346, 128440 (2022).   
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2.1.  INTRODUCTION 

In 2020, the building construction industry was responsible for 37% of global energy-related 

greenhouse gas (GHG) emissions, with 10% of these emissions resulting from the manufacturing 

of building construction materials [22]. To decarbonize the global buildings and construction 

sector, it is crucial to address the embodied energy in building materials and their manufacturing 

process, in addition to reducing energy demand and decarbonizing power supply [13]. Policies 

incorporating whole-life carbon have already gained momentum in countries like the Netherlands, 

Denmark, and France where CO2 limits are imposed on new buildings. More countries are expected 

to implement similar policies to achieve overall carbon neutrality [13]. 

Bio-based building materials, whether wood-based or containing other natural fibres, offer a 

solution for producing low-carbon materials. These materials generally have lower embodied 

energy than synthetic materials, can be sourced locally, and have diverse building applications to 

achieve desired performance characteristics [14]. Plant-based materials such as hemp, expanded 

cork, straw, and grass are particularly well suited for providing satisfactory thermal insulation 

performance due to their porous structure and consequently low thermal conductivity, ranging 

between 0.037 and 0.080 W·m-1·K-1 [23]. However, the most frequently used thermal insulation 

materials in Europe are inorganic mineral fibres, such as glass wool and stone wool, followed by 

organic fossil fuel-derived foams, such as expanded and extruded polystyrene and polyurethane. 

All other materials, including plant-derived materials, cover only the remaining 1% of the market 

[17]. The usage of bio-based insulation materials can potentially result in significant savings on 

GHG emissions. 

The limited usage of bio-based insulation materials can be attributed to their intrinsic hygroscopic 

nature, their tendency to absorb moisture from their surroundings [15], and associated durability 

concerns such as mould development under humid environments [16]. Building components 

containing organic matter are more susceptible to mould infestation than inorganic materials [24]. 

With the rise of energy-efficient buildings that rely on airtightness and highly insulated envelope 

design, these buildings tend to have higher indoor humidity, which consequently supports mould 

germination and growth [25]. Alarmingly, adverse health symptoms associated with exposure to 

indoor moulds, such as asthma, allergies, and infections, have been studied and established [25]. 

The use of bio-based materials has provided the optimal medium for fungal proliferation in the 

built environment. Therefore, it is essential to study the hygroscopic properties and mould growth 

potential of bio-based insulation materials, along with their hygrothermal performance under 

different environmental conditions, to overcome these concerns and provide factual guidelines for 

engineers and architects. 

In this chapter, four bio-based insulation composites (cork, grass, hemp, and mycelium) are 

selected to examine their hygroscopic properties and hygrothermal performances under predefined 

built environments. These composites are selected based on their low thermal conductivity, low 

embodied energy, and commercial availability. They are preferrable composed of recycled or waste 

material. The declared thermal conductivity of these composites is around 0.040 W·m-1·K-1, [26, 

27, 28, 29], which is in the same range as other conventional building insulation materials [30]. 

Their embodied energy is considered low since they are made of either agricultural residues or 

recycled materials and do not require an energy-intensive production process. An exception is made 
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for the mycelium composite, whose production methods, such as sterilization and inoculation [31], 

suggest a higher embodied energy than other bio-based materials. However, it is included for its 

novelty as a sustainable bio-based insulation material. 

Several authors have investigated comparable insulation materials. A comprehensive hygrothermal 

characterization of expanded cork for building facades is provided by Simões et al. [32], where the 

studied cork boards are observed to have low thermal conductivity ranging from 0.037 to 0.041 

W·m-1·K-1 with good resistance during long term durability testing. Relevant heat transfer 

modelling and hygrothermal simulations on the cork boards have also been carried out by the same 

research group [33, 34] and provide valuable insights into heat and moisture transport phenomena 

under the simulated built environment. An overview of grass-based composites is presented in 

[35], showing average thermal conductivities between 0.034 and 0.09 W·m-1·K-1, and also 

highlighting their good sorption desorption capability. For hemp-based composite, Latif et al. [36] 

and Collet et al. [37] have reported that hemp wools show higher sorption and similar vapour 

resistance factors as mineral wools. The thermal conductivities of hemp wool are reported between 

0.038 and 0.06 W·m-1·K-1 [23]. Different mycelium-based composites have also been developed by 

various research groups, e.g. mycelium-miscanthus composites by Dias et al. [38] with reported 

thermal conductivities between 0.0882 and 0.104 W·m-1·K-1; mycelium-flax, mycelium-hemp and 

mycelium-straw by Elsacker et al. [31] at 0.0578, 0.0404, 0.0419 W·m-1·K-1 respectively; and 

mycelium bio-foam by Yang et al. [39] from 0.05 to 0.07 W·m-1·K-1. 

Hygrothermal models are widely used to simulate the coupled heat and moisture transport process 

for one or multidimensional cases, either taking into account a single building component or a 

complete building envelope [40]. Material properties are first investigated in the lab and applied as 

inputs in the hygrothermal simulation tool, together with the other two main inputs, i.e. geometry 

of the enclosure and boundary conditions. By combining different boundary conditions (e.g. 

exterior and interior climate) and geometry (design of building components), the hygrothermal 

performance of different built environments can be simulated and predicted using validated 

software. In this chapter, European cities representing different climate zones as per Köppen 

climate classification are selected for the exterior boundary conditions, and the enclosure geometry 

is modelled one-dimensionally based on typical assembly wall designs found in cold climate zones. 

The durability and hygrothermal performance of innovative bio-based insulation materials have 

not been widely investigated, and many open questions remain regarding efficiency and resistance 

to mould growth. This comparative study aimed to verify the performance of commercially 

available and state-of-the-art bio-based insulation material and to aid in the optimal selection and 

application of these materials under different conditions. The thermal and hygric characteristics of 

the selected materials are examined and used to simulate their hygrothermal performance under 

different construction details and various climates in Europe. Mould growth potential is further 

simulated and compared against laboratory results, to better assess the durability and fungal 

resistance of these bio-based insulation materials. 
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2.2.  MATERIAL AND METHODOLOGY 

2.2.1.  Material 

The selected bio-based insulation composites, as depicted in Fig. 2.1, include: (a) Mycelium 

Composite: this is composed of locally sourced agricultural biomass like straw, miscanthus and 

flax; the mycelium grows on these materials and acts as a binder; this composite is produced and 

supplied by Fairm [26]; (b) Grass Composite: this is made up of 72% fibres extracted from grass 

clippings, 20% jute fibres from recycled cocoa and coffee sacks, and 8% polyester binder fibres; 

these components are bound together through an airlaying and thermobonding process; this 

composite is produced and supplied by Gramitherm [27]; (c) Hemp Composite: this consists of 

66% fibres from industrial hemp plants, 22% jute fibres from recycled cocoa and coffee sacks, 8% 

polymeric support fibres based on recycled polyethylene terephthalate (PET), and 4% soda; this 

composite is produced and supplied by HempFlax [28]; and (d) Cork Composite: this is made of 

expanded cork, which is created by autoclaving and steam-baking blond cork granules at 350°C; 

the proejct is formed and bound with its natural resin (suberin) during the heating process; this 

composite is produced by Amorim PT and supplied by Pro Suber [29]. 

 

Fig. 2.1 (a) mycelium, (b) grass, (c) hemp, and (d) cork composites. 

2.2.2.  Characteristics assessment  

The total porosity of the samples, which includes both open and closed pores, is calculated from 

their particle density ρparticle (kg·m-3) and bulk density ρbulk (kg·m-3) using the formula: 

𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = 1 −
𝜌𝑏𝑢𝑙𝑘

𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
 (2-1) 

A helium pycnometer (Micromeritics AccuPyc II 1340) is employed to measure their ρparticle. 

The sorption isotherms of the insulation materials are obtained through conditioning under 

aqueous solutions [41]. Initially, the samples are dried in an oven at 50°C until a constant mass is 

achieved, yielding their dry weight (mdry). These dry samples are then conditioned in desiccators 

containing various saturated salt solutions, each maintaining a constant relative humidity (RH). The 

salts used include magnesium chloride hexahydrate (MgCl2·6H20) for 33% RH, potassium 

carbonate (K2CO3) for 43% RH, sodium bromide (NaBr) for 59% RH, sodium chloride (NaCl) for 

75% RH, potassium chloride (KCl) for 85% RH, and potassium sulfate (K2SO4) for 98% RH. The 

desiccators are stored in a climatized room at a constant temperature of 20°C. Weighing is 
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performed at 24-hour intervals, and if five successive weighings show a mass loss change of less 

than 0.1%, it is assumed that a constant mass (m) has been achieved. For desorption, the same 

samples are transferred from a higher RH desiccator to a lower RH desiccator, and their equilibrium 

masses are measured using the same procedure. The equilibrium moisture contents (w in      

%kg·kg-1) are plotted against RH (%) to obtain both sorption and desorption curves.  

Free water saturation (wsat) is approximated by conditioning the specimen at 100% RH, achieved 

by fully immersing the specimen in water for seven days at room temperature. The surface of the 

samples is then lightly blotted with a damped sponge to remove excess water, and their weight is 

measured.  

The water vapour diffusion resistance factor (μ) is measured using both the wet cup (water) method 

and the dry cup (desiccant) method, as per the ASTM E96 standard [42]. The cups are filled with 

anhydrous calcium chloride (CaCl2) for the dry cup method and distilled water for the wet cup 

method. Specimens with a thickness (dµ in m) are attached to the cups with a specific exposed area 

(Aµ in m2), and the edges are sealed to block vapour passage at the edge of the specimen. The test 

cups are kept in a climatized room at 60% RH and 20°C. The change of mass (Δm in kg) at 

successive times (Δt in s) is measured by weighing the cups to obtain the density of the water 

vapour transmission rate (g in kg·m-2·s-1) as: 

𝑔 =
1

𝐴𝜇

𝛥𝑚

𝛥𝑡
 (2-2) 

The measurement is considered complete once five successive values of g vary within ± 5%. The 

value of µ (dimensionless) is then calculated using:  

µ =
𝛥𝑝 ∙ 𝛿𝑎𝑖𝑟

𝑔 · 𝑑𝜇
 (2-3) 

where Δp (Pa) is the water vapour partial pressure difference and δair (kg·m-1·s-1·Pa-1) is the water 

vapour permeability of air. 

The transient line source method is utilized to measure the thermal conductivity (λ in W·m-1·K-1) 

using a thermal needle probe (AP Isomet model 2104), with a declared accuracy of 5% of the 

reading plus 0.001 W·m-1·K-1. Samples under three RH conditions (0%, 50% and 80%) are 

examined for their λ values. The samples are dried at 50°C in an oven (Memmert universal oven 

UF260) to reach near 0% RH and conditioned in a climate chamber (Memmert climate chamber 

ICH750) for 50% and 80% RH, all until a constant weight is achieved. The samples are protected 

using low vapour permeability plastic wrap before and during the λ measurements to maintain their 

moisture content. The λ measurements are taken at room temperature (20 ± 2°C).  

For the specific heat capacity (Cp in J·kg-1·°C-1), differential scanning calorimetry DSC (TA 

Instruments DSC Q2000) is used at temperatures ranging from -20°C to 50°C at a heating and 

cooling ramp of 10°C·min-1 in a nitrogen atmosphere with a flow of 50 ml·min-1. Three heat-cool 

cycles are run for each sample, and the Cp value at 20°C from the third heat cycle is taken for 
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subsequent hygrothermal study. Crushed samples weighing 5-10 mg are prepared for mycelium, 

hemp, and grass composites, and 3-5 mg for cork composite. 

A thermogravimetric analyser (TA Instruments TGA Q500) is further used to investigate the 

thermal stability of samples from room temperature up to 650°C at a heating rate of  5°C·min-1 in 

a nitrogen atmosphere with a flow of 60 ml·min-1 by observing their mass change due to thermal 

degradation. 

2.2.3.  Hygrothermal performances assessment  

Simulations of heat, air and moisture transport (HAM) are conducted on two distinct wall 

assemblies exposed to six different exterior climates while maintaining a consistent indoor climate. 

The annual moisture content of the insulation materials is scrutinized, with particular emphasis on 

the interfaced layer, that is, the insulation layers adjacent to the exterior and interior. The section 

in insulation material exhibiting the highest moisture content is further simulated for mould growth 

risk and compared with laboratory mould growth test results. 

For the HAM simulations, one-dimensional non-steady heat and moisture transport processes are 

solved by coupled differential equations using WUFI Pro software [19]. The heat transport and 

moisture transport are represented by Eqs. (1-1) and (1-2), respectively. 

The assembly wall design in this study is based on two common exterior walls found in cold climate 

zones, namely, masonry wall [43] and timber frame wall [44], both with an air cavity as depicted in 

Fig. 2.2. For comparative study purposes, the insulation layer thicknesses are adjusted to achieve 

an overall R-value of 4.7 K·m2·W-1 as per the Dutch requirement for an exterior wall in a residential 

building [45], equivalent to a U-value of 0.205 W·m-2·K-1. Cellulose insulation material is included 

in the HAM study as the reference material, due to its low embodied energy among other 

conventional building materials [30]. Material properties of Cellulose and other building 

components of a masonry wall and timber frame wall (Wood Fibre Board, Gypsum Board, Solid 

Brick) are listed in Table A.1, Fig. A.1 and Fig. A.2 (see Appendix A).  For the masonry wall, 10 

cm thick bricks are applied for both exterior and interior sides, with 1.3 cm thick wood-fibre board 

as an exterior sheathing board, and a 4 cm air cavity with an arbitrary air change rate of 10 h-1 

(between the 5 and 20 h-1 used in [46]). For the timber frame wall, 2 cm spruce wood is applied as 

exterior cladding, similar to a 4cm fully ventilated air cavity as the brick cavity, with a 1.3 cm thick 

wood fibre and gypsum board as exterior and interior sheathing boards respectively. Building 

components outward from the ventilated air layer are set up for their shielding of rain and radiation, 

and are disregarded from the U-value calculation. The original wall design included a vapor retarder 

on the interior side. However, given the focus of this study on bio-based materials, it is beneficial 

to avoid using vapor retarders in such walls, as this allows the materials to naturally absorb and 

release moisture. The vapor retarder is therefore removed to more accurately study the moisture 

transport behaviour of the bio-based materials without the influence of a high vapour resistance 

layer on the interior side. 

Six locations in Europe representing different climate zones have been selected for the 

hygrothermal analysis. Table B.1 (see Appendix B) shows the annual weather summary in all six 

locations, while Fig. B.1 (see Appendix B) displays the annual air temperature and RH profile 
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[47]. Climate Cfa is represented by Milan with a humid subtropical climate, Climate Cfb for 

Eindhoven with a temperate oceanic climate, Climate Cfc for Tórshav with a subpolar oceanic 

climate, Climate Dfa for Kherson with a hot-summer humid continental climate, Climate Dfb for 

Oslo with a warm-summer humid continental climate, and Climate Dfc for Sodankylä with 

subarctic climate. The wall is facing the main driving rain direction (Table B.1, see Appendix B) 

for the hygrothermal simulations in all cases. The interior climate is set as per ISO 13788 with 

humidity class 3 which represents a building with unknown occupancy [48], and a constant air 

temperature of 20°C. The simulation is run for ten years or until hygrothermal equilibrium is 

reached, and results from the final year are extracted for further analysis. The boundary and initial 

conditions are summarized in Table B.2 (see Appendix B). 

 

Fig. 2.2 Simulated wall assemblies (a) brick wall and (b) timber frame wall with air cavity. 

The monthly transient U-value (UM) is calculated using the simulated data as follows: 

𝑈𝑀 =
−𝑄𝑀

∆𝑇𝑀
 (2-4) 

where QM is the monthly mean heat flux density through the interior surface on the entire assembly, 

and ∆TM is the monthly mean temperature difference between the interior and exterior composite 

surfaces. The QM for each component (Qi,M) is calculated as: 

𝑄𝑖,𝑀 =
1

𝑅𝑖
∆𝑇𝑖,𝑀 (2-5) 

where Ri is thermal resistance of individual component, and ∆Ti,M is the monthly mean temperature 

difference between the surfaces of the component. 
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2.2.4. Mould growth assessment 

Mould growth tests on specimens are conducted in accordance with the European Assessment 

Document EAD 040005-00-1201 Annex B [49]. Test samples are subjected to a high humidity 

environment (nearly 100% RH) for a duration of four weeks at a steady temperature of 20°C. This 

is achieved using a desiccator filled with water at the bottom. Following this period, the specimens 

undergo visual inspection for the presence of mould fungus, both with the naked eye and under a 

microscope (ZEISS Axio Imager 2), as per ISO 846 [50].  

Further investigation of the wall assemblies is carried out to assess the risk of mould growth under 

selected climates. This is done using the WUFI Bio software, which is based on the bio-

hygrothermal model developed by Sedbauer et al. [51]. The software utilizes a germination isopleth, 

which plots the times required for germination in a temperature-humidity diagram. By modelling 

the critical water content of potential mould spores, it can predict germination and mould growth 

if the water content in the model spore surpasses the critical level. All samples in this study are 

assumed to belong to substrate class I, i.e. bio-utilizable substrates.  

However, this bio-hygrothermal model does not account for biogenic factors, pH value, surface 

quality, and several other influential factors that could hinder germination and growth [20]. As a 

result, the simulation results obtained tend to be conservative, indicating a higher risk of mould 

growth than in actual conditions. Therefore, these simulation results are evaluated in conjunction 

with the results from the aforementioned laboratory mould growth test. 

 

2.3.  RESULTS AND DISCUSSION 

2.3.1. Characteristics assessment 

As depicted in Table 2.1, all four insulation samples under study exhibit low bulk density and high 

porosity. The grass and hemp composites primarily comprise loosely interwoven cellulose fibres 

with open porosity, demonstrating similar porosity levels at 96.5% and 96.3% respectively. The 

mycelium composite, on the other hand, consists of fibres (a mix of straw, miscanthus and flax) 

enveloped by mycelium ligaments. This composite presents a denser and more homogenous 

surface coverage, with macroporous structures following the fibre packing remaining inside the 

block, resulting in a porosity of 94.4%. The cork composite, with the lowest porosity at 87.4%, 

contains both closed and open pores. The closed pore structures originated from their stacked 

hexagonal cells microstructure [52], while the macro open pores form during the expanded cork 

manufacturing process.   

The hemp, grass, and mycelium composites exhibit hydrophilic behaviour and have similar 

adsorption-desorption curves as shown in Fig. 2.3. They can absorb up to eight or nine times their 

weight of water under the full water immersion test (Table 2.1). Conversely, the cork composite 

has lower adsorption despite its porous structures, attributed to the hydrophobic nature of the cork 

surface with low water wettability. It is noteworthy that the mycelium specimen (all three samples) 

under 98% RH reached maximum mass gain around the seventh day in the sorption test, after 

which it underwent mass loss and showed signs of mould growth on the surface. As a result, 
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maximum mass gain, instead of equilibrium mass, is used to calculate the equilibrium moisture 

content at 98% RH as shown in Fig. 2.3. The equilibrium moisture content under the desorption 

process is only slightly higher than the adsorption process, with no significant variation between 

both curves for all samples.  

Table 2.1 Density, Porosity, Specific Heat Capacity, Water Vapour Resistance Factor and Free Water Saturation 

for mycelium, hemp, grass, and cork composites. 

 Mycelium Hemp Grass Cork 

Bulk Density ρbulk, dried (kg·m-3) 97.1 64.1 60.1 97.9 

Particle Density ρpartocle (kg·m-3) 1732.1 1747.3 1737.6 778.4 

Porosity (%) 94.4 96.3 96.5 87.4 

Specific Heat Capacity Cp (J·kg-1·K-1) 1167 1140 1110 1160 

Water Vapour Resistance Factor µ     

“Dry cup” condition (dimensionless) 3.4 3.0 2.9 9.7 

“Wet cup” condition (dimensionless) 3.2 2.6 2.6 13.9 

Free Water Saturation wsat (%) 816% 889% 910% 117% 

 

Fig. 2.3 Sorption-desorption curves with Moisture Content w plotted against RH for mycelium, hemp, grass, 

and cork composites. For Moisture Content at 100% RH, refer to wsat in Table 2.1. 

The water permeability of the specimen is listed in Table 2.1. The hemp, grass, and mycelium 

composites have a similar µ-factor around 3 under both dry and wet cup methods, with lower 

permeability at 10 (dry cup) and 14 (wet cup) for the cork composite. 

Typically, the water vapor diffusion resistance factor based on the dry-cup method is higher than 

that based on the wet-cup method. Under the wet-cup method, the higher RH induces surface 

diffusion [53] within the open pores of the specimen. A thin water film forms on the pore walls, 

flowing from regions of thicker film (higher RH) to thinner film (lower RH). In isothermal 

conditions, both vapor diffusion and surface diffusion occur in the same direction under the wet-

cup method. When these phenomena are not separated, a lower apparent diffusion resistance is 

observed. This trend is evident in the measurement results for mycelium, hemp, and grass 
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composites, where the dry-cup value is higher than the wet-cup value. However, cork composite 

exhibits an opposite trend, showing a higher diffusion resistance under the wet-cup method. This 

behaviour could be attributed to the swelling and shrinking effects of the closed pore structure 

within expanded cork at different RH conditions. Under high RH, the swelling of the closed-cell 

structure reduces the open pores of the cork composite, thereby increasing the diffusion resistance. 

This swelling effect outweighs the surface diffusion phenomenon in expanded cork, resulting in a 

higher apparent diffusion resistance under the wet-cup method compared to the dry-cup method. 

Fig. 2.4 summarizes the moisture-dependent thermal conductivity for all samples acclimatised to 

0%, 50% and 80% RH, showing an increase in thermal conductivity with higher RH, except for 

the cork composite, which can be attributed to its hydrophobic surface. Although a generally linear 

relationship between thermal conductivity and moisture content of organic insulation materials is 

not typically observed, a simple linear fitting is nonetheless included in this study as input for 

subsequent hygrothermal simulation. In addition, uncertainties of 0.002 to 0.003 W·m-1·K-1 are 

presented in the measured thermal conductivities using the thermal needle probe. The grass 

composite has the lowest thermal conductivity, 0.045 ± 0.003 W·m-1·K-1 at 0% RH, and the cork 

composite exhibits an overall better thermal conductivity characteristic with a uniform 0.046 ± 

0.003 W·m-1·K-1 under different RH. This is followed by the hemp and mycelium composite at 

0.050 ± 0.004 and 0.051 ± 0.004 W·m-1·K-1 respectively. It should be noted that the declared 

thermal conductivity from the manufacturer of cork, grass and hemp composites is lower than the 

measurements in this study, i.e. 0.039, 0.040 and 0.040 W·m-1·K-1 respectively. The measured 

thermal conductivities are close to or within the range of other reported measurements, i.e. 0.037 

to 0.041 W·m-1·K-1 for cork composite [32], 0.034 to 0.09 W·m-1·K-1 for grass composite [35], 

0.038 and 0.06 W·m-1·K-1 for hemp composite [23], and 0.0404 to 0.0578 W·m-1·K-1 for mycelium 

composite [31].  

The specific heat capacity (cp) of all four samples falls within the range of 1100 to 1200 J·kg-1·°C-1 

as listed in Table 2.1 and Fig. 2.5. 

Thermogravimetric analysis of the samples, as shown in Fig. 2.6, reveals that all four samples are 

thermally stable up to about 200°C, after which they start to decompose and reach their maximum 

rate of weight loss between 300 and 350°C. Therefore, it is necessary to protect these insulation 

composites from fire hazards with other fire and heat-resistant components, such as bricks and 

sheathing boards. The decomposition process of the samples follows a similar trend, corresponding 

to hemicelluloses being pyrolyzed in the range of 200 and 300°C, depolymerized cellulose in the 

range of 300 and 350°C, and lignin components pyrolyzed in the range of 225 and 450°C [54]. For 

the cork composite, depolymerization of suberin occurs between 400 and 500°C [55]. The second 

peak at 400°C is also observed on the grass composite, contributed by other recycled materials 

mixed in the composite. A similar small peak can be noticed for the hemp composite where 

recycled materials are also used. All composites end their volatile emissions at around 450°C with 

a remaining char residue of around 20 to 30% of the original dry weight. 
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Fig. 2.4 Thermal Conductivity λ against RH for mycelium, hemp, grass, and cork composites. 

 

Fig. 2.5 Specific heat capacity Cp against Temperature T for mycelium, hemp, grass, and cork composites. 

 

Fig. 2.6 Thermal stability against temperature T for mycelium, hemp, grass, and cork composites. 

2.3.2. Hygrothermal performances assessment 

The thermal conductivity findings in Fig. 2.4 inform the insulation thickness for both wall types 

(Fig. 2.2) and all four studied insulation materials. These are designed to achieve an overall R-value 
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of 4.7 K·m2·W-1, as per the Dutch requirement for an exterior wall in a residential building [45], 

equivalent to a U-value of 0.205 W·m-2·K-1.  The required thicknesses are listed in Table 2.2. It is 

evident that all four materials necessitate a higher wall thickness compared to the reference 

Cellulose insulation material.  

Table 2.2 Insulation thickness and total wall thickness (in bracket) for simulation. 

 Mycelium Hemp Grass Cork Cellulose 

(reference) 

Brick Wall (mm) 209.5 (463) 202.6 (456) 184.6 (438) 184.8 (438) 160.6 (414) 

Timber Frame Wall (mm) 209.3 (295) 202.4 (288) 184.4 (270) 184.7 (271) 160.5 (247) 

The transient thermal transmittance U-value of the investigated insulation materials, under two 

different wall types and six different climates, is explored and summarized in Fig. 2.7. Only 

transient U-values in the ‘heating period’ from October to March are included, as the U-value under 

warmer months would yield non-sensible results and is not of interest in this study. 

 

Fig. 2.7 Transient thermal transmittance (U-value) for mycelium, hemp, grass, and cork composites in the heating 

period (October to March) under different wall assembly types and climates/locations. 

In general, all four insulation materials exhibit similar trends of transient U-value under the same 

climate and wall type. However, they diverge significantly when compared across different climates 

or wall types of the same material. Under continental climate Dfa (Kherson), Dfb (Oslo) and Dfc 

(Sodanskylä), the insulated walls provide uniform thermal insulation performance close to the 

designed U-value at 0.205 W·m-2·K-1 in the heating period. However, higher transient U-values are 
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observed on the walls under temperate climates Cfa (Milan), Cfb (Eindhoven) and Cfc (Tórshav), 

aligning with their milder and wetter climate profiles. Overall, the insulated timber frame walls 

outperform the brick walls, particularly under temperature climates, when a similar initial designed 

U-value is set for all cases. This is due to the thicker and denser brick layers (Table A.1, see 

Appendix A) which impede the moisture transport in the wall assemblies, leading to higher 

moisture accumulation in the insulation material. This pattern underscores the pivotal role of 

exterior climates and the type of building envelope design in evaluating building insulation 

performance, particularly when considering a similar category of insulation materials, in this case, 

the bio-based insulation materials. 

Without considering durability aspects from potential deterioration due to mould growth under a 

humid environment, or disregarding overall wall thickness due to the thickness of the insulation 

layer required for the intended U-value, there is no specific material to recommend based on their 

transient U-value performance. However, when the wall thickness is a consideration, the cork 

composite, with its less demanding thickness requirement, is the preferred choice compared to 

other investigated bio-based materials, followed by the grass composites. 

 

Fig. 2.8 Moisture Content w for mycelium, hemp, grass and cork composites under different wall assembly types, 

climates/locations, and months. 

Fig. 2.8 shows the equilibrium moisture content in the investigated bio-based insulation 

composites under two different wall types and six different climates in a simulated year. The 

mycelium composite exhibits the highest moisture content under all climates and wall types, while 

the cork composite displays the lowest and most regulated moisture content throughout the year. 

Both grass and hemp composites show similar moisture content to the reference cellulose 

insulation material. These dynamic moisture content of the composites align with their sorption 
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isotherm, i.e. the higher sorption capacity of the mycelium composite and the opposite for the cork 

composite (Fig. 2.3). 

 

Fig. 2.9 Moisture Content w at insulation layer next to the exterior and next to the interior under different wall 

assembly types, climates/locations, and months. 

Higher moisture content in an insulation layer is typically found at the near-interfaced layers. In the 

case of the selected wall type and climates, these are either at layers next to the exterior sheathing 

board or behind the interior sheathing board. The moisture content of both interfaced layers in a 

simulated year is extracted and presented in Fig. 2.9. A few observations can be generalized based 

on the climate types: for Cfa (Milan) and Dfa (Kherson), moisture tends to accumulate at the 

exterior interface during the winter period and interior interface during the summer period; for Cfb 

(Eindhoven), Dfb (Oslo) and Dfc (Sodanskylä), moisture accumulation is generally found on the 

exterior interface during the winter period, and while the moisture content is increasing on the 

interior interface during summertime, it is still not exceeding that of the exterior side; and for Cfc 

(Tórshav), the moisture content at the exterior interface is always higher than the interior interface. 

It can be established that the insulation layer at the exterior interface has the highest averaged 
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moisture content under all six climates, and consequently is most likely subjected to mould growth 

and degradation compared to other parts of insulation under different climate conditions.  

In terms of wall type, insulation materials inside the timber frame walls generally have lower 

moisture content at the exterior interface than those inside brick walls across different climates 

except Dfc (Sodanskylä). The opposite trend is observed at the interior interface where the 

insulation layer in timber frame walls has higher moisture content compared to brick walls. It 

should be noted that no vapour retarder is included in the design of all simulated walls to retard 

the vapour diffusion process, and a ventilated air cavity is included in all cases to provide additional 

hygrothermal regulation to the overall wall assembly. 

2.3.3. Mould growth assessment 

After a four-week exposure to high humidity in a water-filled desiccator, the test specimen 

undergoes visual inspection for mould presence, both with the naked eye and under a microscope. 

Fig. 2.10 presents photos of the specimen, both with and without high-humidity conditioning. The 

fungal growth on the test specimen is evaluated according to ISO 846 [50], and the intensity scales 

of mould growth are assigned as per Table 2.3. 

Significant mould growth and degradation are found on the mycelium composite. It is worth noting 

that mould growth was already detected on the mycelium composite conditioned under 98% RH 

in the sorption test. Discolouring on the hemp composite is discernible to the naked eye, and fungi 

are easily identifiable under the microscope. For the grass composite, no evident mould growth or 

discolouring is observed with the naked eye; however, fibre deterioration is noticeable under the 

microscope. The cork composite shows no apparent deterioration, mould growth or discolouring. 

These results align with the literature: similar mould development can be distinguished with the 

naked eye on the mycelium-miscanthus test sample by Dias et al. [38]; fungi contamination can be 

observed under a microscope on hemp shiv composites by Viel et al. [56]; on the other hand, 

mould development on grass and cork composite is not presented in the literature. 

The mould growth risk of the wall assemblies under the selected climates is further simulated, with 

the results shown in Fig. 2.11. The insulation layer, composed of any of the four composites under 

temperate climates Cfa, Cfb and Cfc in masonry walls, is predicted to have heavy mould growth 

with a mould index above 3. For timber frame walls, a high mould index is predicted for the 

mycelium, hemp, and grass composites only under Cfc climate, and medium mould growth 

potential for the grass composite under Cfb climate. Under continental climates Dfa, Dfb and Dfc, 

low mould growth potential is predicted for both wall designs and all four composites. Overall, a 

lower mould growth risk is predicted for timber frame walls compared to brick walls. 
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Fig. 2.10 Mould evaluation test (1) mycelium, (2) hemp, (3) grass and (4) cork composites. For the subset, (a) 

and (c) are samples without conditioning, (b) and (d) are samples conditioned under high RH.  

Table 2.3 Assessment of mould growth. 

Composites Intensity Evaluation 

Mycelium  5 heavy growth, covering the entire test surface 

Hemp  3 growth visible to the naked eye, covering up to 50% of the test surface 

Grass  1 no growth is visible to the naked eye, but visible under the microscope 

Cork  0 no growth is apparent under the microscope 
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Fig. 2.11 Predicted Mould Index for mycelium, hemp, grass and cork composites under different wall assembly 

types and climates/locations. 

 

2.4.  CONCLUSIONS AND RECOMMENDATIONS 

This chapter delves into the thermal and hygric attributes of selected bio-based composites, 

specifically mycelium, hemp, grass, and cork composites. It further simulates their hygrothermal 

performances in relation to two construction details across six distinct European climates.  

Among the four composites under investigation, the cork composite stands out with the lowest 

thermal conductivity, minimal sorption properties, and no risk of mould growth. The hemp, grass, 

and mycelium composites exhibit similar hygric properties and show signs of deterioration under 

laboratory mould growth tests. The mycelium composite, in particular, demonstrated the least 

favourable characteristics and performance, possessing the highest thermal conductivity and a 

vulnerability to mould growth in humid environments. Compared to the reference material, 

cellulose, both the hemp and grass composites follow a similar pattern, while the cork composite 

outperforms them all in terms of thermal and hygric properties 

In practical building applications, exterior climates and wall designs are pivotal in determining the 

hygrothermal performances of insulation material. The study finds that a simulated timber frame 

wall with a fully ventilated cavity is more suitable for low-density bio-based insulation materials 

compared to a fully ventilated brick wall. Moreover, the potential for mould growth in the studied 

insulation materials is higher under temperate climates (Cfa, Cfb and Cfc) when compared to 

continental climates (Dfa, Dfb and Dfc).  

The findings of this chapter underscore the appropriateness of using different bio-based 

composites based on the assembly design and local climate conditions. They also provide a 

guideline for selecting the correct insulation material considering the geometry of the enclosure 

and boundary conditions. 

By integrating the results of mould growth laboratory testing and hygrothermal simulations, the 

study offers the following recommendations for applying the studied bio-based composites as 

thermal insulation materials: 
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1. Mycelium composite is not recommended for use under temperate climates (Cfa, Cfb and 

Cfc). It is also unsuitable for any built environment with high humidity conditions (>80% 

RH) due to its susceptibility to rapid mould growth. Ensuring the airtightness of wall 

construction is crucial to prevent direct water exposure or high humidity conditions. 

2. Hemp and grass composites are not advised for use under temperate climates (Cfa, Cfb 

and Cfc). Similar to mycelium composite, airtightness of wall construction is necessary to 

avoid direct water exposure or high humidity conditions. 

3. Cork composite is suitable for use under the investigated temperate and continental 

climates, whether as exposed or covered components. 

4. Timber frame walls are more compatible with low-density bio-based insulation material 

compared to brick walls. 
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3. UPCYCLING WHEAT AND BARLEY STRAWS INTO 

SUSTAINABLE THERMAL INSULATION: ASSESSMENT 

AND TREATMENT FOR DURABILITY 

 

ABSTRACT 

This chapter investigates the potential of wheat and barley straws as sustainable alternatives to 

conventional insulation materials. The focus is on evaluating the risk of mould growth in straw-

filled wall assemblies across different climate types, while comparing the physical, thermal, 

hygroscopic, and durability properties of wheat and barley straws. Additionally, the effectiveness 

of boric acid as an antifungal treatment on straws is assessed. The findings reveal that both barley 

and wheat straws exhibit low thermal conductivity, ranging from 45 and 65 mW·m-1·K-1 for bulk 

density of 60 to 100 kg·m-3. Notably, barley straws demonstrate lower sorption capacity, higher 

vapour diffusion, lower thermal conductivity, and reduced mould growth intensity, rendering them 

more suitable as insulation material. The application of boric acid treatment effectively enhances 

the mould resistance of straws without adversely affecting their hygric and thermal properties. 

Consequently, boric acid treatment is recommended for wheat straw under unfavourable climatic 

conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results presented in this chapter are published in the following article: 

C.H. Koh, F. Gauvin, K. Schollbach and H.J.H. Brouwers, "Upcycling wheat and barley straws into sustainable thermal 

insulation: Assessment and treatment for durability," Resources, Conservation and Recycling 198, 107161 (2023). 
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3.1.  INTRODUCTION 

Straws, the leftover stalks of cereal plants, are a by-product of crop production. They have been 

upcycled as building materials, used as bedding for livestock, utilized as biomass for energy 

generation and animal feed, as well as burned or ploughed back into soils [57, 58]. Of all crops 

grown in the world, wheat and barley are ranked third and twelfth by production volume; the 

annual production in 2019 is estimated at 764 and 159 million tonnes respectively [59]. As a by-

product, approximately 1.5 tonnes of straws can be obtained for every ton of cereal production 

[57].  

Straws are an abundant, sustainable, and cost-effective source of low-embodied carbon raw 

materials. Utilizing straws as a building material presents a viable low-carbon alternative to high 

embodied energy materials currently available in the market. By and large, straws are used for 

thermal insulation purposes [58], and can be incorporated as a load-bearing strawbale wall or as 

infill in post-and-beam structures in buildings [60, 61, 62]. To optimize their use as insulation 

material, it is essential to assess the hygrothermal and durability performance of various straw types 

in different climates and develop strategies to enhance their resource efficiency. 

Wheat and barley are under the same Poaceae family but in different genera: Triticum for wheat and 

Hordeum for barley, hence physical differences between wheat [63, 64] and barley straws [64, 65, 

66] are presented. These physical variances could impact their thermal and hygric behaviours and 

influence their suitability as insulation material. For instance, different sorption isotherms have 

been measured between wheat [63, 64, 67, 68] and barley straws [64, 66, 69], where their 

microstructure could play a determinative role in this regard. On the other hand, no notable 

deviation of thermal conductivity between different types of straws is established, with 

measurements between 40 and 80 mW·m-1·K-1 under bulk density between 60 to 120 kg·m-3 

reported in different studies [58].  

Straws, like other natural bio-based materials [70], are prone to mould growth when exposed to 

humid environments, leading to deterioration. The well-established negative health effects of 

indoor moulds [71, 72, 73] necessitate the prevention of straw becoming a source of fungal 

proliferation. Freshly harvested wheat and barley straws are naturally contaminated with several 

fungi species such as Aspergillus and Penicillium spp. from soil [74], and generally, straws are dried 

and applied directly, without treatment as building materials. A prior hygrothermal study on 

strawbale buildings reveals that there is a potential risk of mould growth on straws under 

unfavourable construction designs and local climates [75]. Conversely, mould growth on straws 

used for insulation is seldom reported [58]. A few observations however are described on fresh 

straw samples: mould is detected on a wheat straw sample [76], at the inner cell wall of a barley 

straw sample [64], and on a rice straw sample [77]. These findings highlight the need to address the 

mould growth risk on straws and emphasize the necessity of knowledge to ensure safe application. 

Several strategies can be employed, such as selecting a suitable straw type with higher mould 

resistance or applying a non-toxic antifungal treatment on straws to minimize the risk. 

In terms of composition, wheat and barley straws are similar, but the average ratio of lignin to 

cellulose-hemicelluloses is lower in wheat straw than in barley straw, at 0.20 and 0.23, respectively 

[78]. The higher content of lignin in barley straw protects the cellulose and hemicellulose more 
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effectively from glycoside hydrolases from fungi, thus delaying their degradation into simple sugars 

that could enhance mould growth [79]. In addition, barley straw has a higher percentage of wax 

[78] , which provides a protective surface layer [80] and acts as the first barrier against any fungal 

attack. Both factors, i.e., higher ratios of lignin and wax against cellulose-hemicellulose, suggest that 

barley straw is more resistant to mould growth than wheat straw. However, limited information is 

available in the literature, and a comparative study between wheat and barley straws is necessary to 

determine which is more effective as an insulation material. 

Irrespective of the straw type, antifungal treatment is a feasible approach to enhance the durability 

of straws. Boric acid and its sodium borate salts, which are relatively inexpensive and non-toxic, 

can be utilized to impede fungal growth by obstructing their reproductive process [81, 82]. Wood 

preservation is a common application of boric acid against wood-decaying fungi [83, 84], with 

higher effectiveness against brown rot fungi than white rot fungi [84]. Positive results have also 

been demonstrated using boric acid or borate compounds on other bio-based building materials, 

for example, on corn pith composites [85], wood composites [86] and cellulose insulation [87]. 

However, the effectiveness of boric acid on wheat and barley straws against fungi is yet to be 

established. 

This chapter aims to address research gaps concerning the use of two commonly available straw 

types, namely wheat and barley straws, as thermal insulation materials. The straw types are selected 

based on their status as the top two grain crops produced in the Netherlands and their frequent 

utilization as building materials compared to other crops. The study seeks to investigate their 

hygrothermal properties, mould growth resistance, mould growth risk in different climates, and the 

effectiveness of applying boric acid treatment to enhance their durability. The findings of this 

chapter will provide insights into the most suitable straw type for thermal insulation and assess the 

feasibility of using boric acid as an antifungal treatment to improve the durability of straws. 

 

3.2.  MATERIAL AND METHODOLOGY 

The material properties and hygrothermal performance of wheat and barley straws are assessed 

following the methodology illustrated in Fig. 3.1. The mould growth risk of a wall assembly with 

straw infill under different climate types is modelled using computer simulation. In addition, 

laboratory experiments are conducted to evaluate material properties, anti-fungal treatment 

efficacy, and mould resistance. 

3.2.1. Simulation setup 

This study conducts Heat, Air, and Moisture Transport (HAM) simulations for a wall assembly 

that includes straws as insulation material and is exposed to twenty-two different exterior climates 

(Fig. 3.1a). The analysis focuses on the annual moisture content of the insulation material, with a 

special emphasis on the interfaced straw layers next to the exterior and interior sides. The interfaced 

layers are then simulated further for mould growth risk.  
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Fig. 3.1 Methodology. 

Non-steady heat and moisture transport processes are solved by coupled differential equations 

using the software WUFI Pro 6.6 [19], i.e. heat transport and moisture transport by Eqs. (1-1) and 

(1-2), respectively.  

The mould growth risk is examined using the software WUFI Bio 4.0, which employs the bio-

hygrothermal model developed by Sedbauer et al. [51]. By plotting the germination times in a 

temperature-humidity diagram and modelling the critical water content of mould spores, the 

germination and mould growth can be predicted if the water content in the model spore exceeds 

the critical water content. The substrate class I, i.e. bio-utilizable substrates, is assumed for all 

samples in this research. 

For the hygrothermal analysis, this study has carefully selected twenty-two locations that represent 

distinct climate zones based on the Köppen climate classification. These locations encompass a 

wide range of transient boundary conditions, effectively capturing the major climate variations. 

Furthermore, only cities situated in countries that locally produce wheat and barley crops have been 

included in the analysis. Table B.3 (see Appendix B) summarizes the annual weather conditions 

[47] and the annual wheat and barley crop yields in their respective countries [59] for all twenty-

two locations.  

The assembly wall design [88, 60] consists of a 50 cm thick straw layer that is covered with 3 cm 

lime plasters on both the exterior and interior sides, with material properties listed in Table A.2 

and Fig. A.3 (see Appendix A). The wall faces the main driving rain direction in all cases. The 

interior climate is set according to ISO 13788, with humidity class 3, which represents a building 

with unknown occupancy [48], and a constant air temperature of 20°C. The simulation runs for 

ten years or until hygrothermal equilibrium is achieved, and the results from the final year are 

extracted for further analysis. The boundary and initial conditions are summarized in Table B.4 

(see Appendix B). 
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3.2.2. Material 

The wheat and barley straws used in the study were obtained from local sources in the Netherlands, 

provided by Strobouwer, Haaren. To prepare the samples, the straws were chopped into smaller 

pieces measuring 6 ± 4 cm in length, as shown in Fig. 3.1b. While the barley straw consists solely 

of stalks, the wheat straw contains about 10% spikes and leaves. However, for comparative analysis, 

the leaves and spikes were removed from the wheat straw samples used in this study. 

An aqueous solution of boric acid, B(OH)3, at a concentration of 4 %w/w (referred to as BA) is 

used as an antifungal agent, which is within the concentration limit of 5.5 %w/w set by the 

European regulation [89]. For antifungal treatment, the outer surface of the straws is sprayed with 

the BA solution and manually mixed to create an almost uniform surface coating. The amount of 

BA present in each specimen is 9 ± 1% by weight of the dry straw. 

Samples with five different bulk densities, denoted by ρbulk (60, 70, 80, 90, 100 kg·m-3), are prepared 

for measuring thermal conductivity and vapour diffusion resistance. The bulk densities are 

controlled by adjusting the weight of the straws (± 0.1 g) in fixed-volume containers. 

3.2.3. Characteristics assessment 

For microstructure observation, the surface and cross-section of the straws are visually inspected 

with an optical microscope (ZEISS Axio Imager 2) and a scanning electron microscope SEM 

(Phenom ProX).  

The particle density ρparticle (kg·m-3) of the straws is measured using a helium pycnometer 

(Micromeritics AccuPyc II 1340) with a 10 cm3 cup. The porosity φ (%) of the specimen is 

calculated from their ρparticle and ρbulk (kg·m-3) following Eq. (2.1). The pycnometer has an accuracy 

of 0.03% in reading plus 0.03% of sample capacity. 

The water contact angle (°) of the surface of the straws is measured using a contact angle system 

(Dataphysics OCA30) for its hydrophobicity. The apparatus has an accuracy of 0.1° reading. 

Fourier transform-infrared FT-IR spectroscopy aligned with attenuated total reflection ATR 

attachment (PerkinElmer Frontier FT-IR) is utilized to analyse the chemical composition of the 

straws. The major components in both wheat and barley straws [90, 91] are polysaccharides 

(cellulose, hemicellulose, lignin) which cannot be easily distinguished using individual IR bands. It 

is, however, possible to use certain bands that can be assigned to specific components for 

identification and use the relative intensity of each band as an approximation proportion of those 

components in a sample [92]. The selected components and bands are listed in Table 3.1. 

The sorption isotherms of the straws are measured using the gravimetric sorption technique 

through dynamic vapour sorption (DVS) (Surface Measurement Systems DVS Resolution). The 

specimen is conditioned in the relative humidity RH environment between 0% and 95% RH. The 

weight of the specimen is measured at a 10% RH increment step for the sorption curve, and at a 

10% decrement step for the desorption curve, all under a constant temperature of 20°C. The 

specimen is considered to reach its constant mass once the rate of mass change dw/dt           
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(%kg·kg-1·min-1) is equal to or less than 0.01. The DVS apparatus has a declared accuracy of 0.5% 

RH reading and a balance noise of less than 0.3 µg. 

Table 3.1 The selected ATR FT-IR bands for the chemical composition in straws. 

To represent With selected bands Ref Representative ratios 

Cellulose C-C ring breathing band at 1155 cm-1 [92] As denominator 

 C-O-C glycosidic ether band at 1105 cm-1   

Lignin C=C in-plane aromatic vibrations at 1505 cm-1 [92] I1505/I1155, I1505/I1105 

 C=C in-plane aromatic vibrations at 1595 cm-1  I1595/I1155, I1595/I1105 

Wax C=O ester band at 1735 cm-1 [91, 93] I1735/I1155, I1735/I1105 

 CH2 asymmetric stretching at 2918 cm-1 [94, 95] I2918/I1155, I2918/I1105 

The vapour diffusion coefficient (D, in cm2·s-1) of the straws is measured in parallel with the 

sorption measurement using the DVS apparatus. The diffusion coefficient can be calculated using 

the following equation [96]: 

𝑀𝑡

𝑀∞
=

4

𝑑
√

𝐷𝑡

𝜋
 (3-1) 

where Mt represents the amount of vapour absorbed at time t, M∞ is the amount of vapour 

absorbed at thermodynamic equilibrium, and d is the thickness of the sample. This equation is 

applicable when Mt/M∞ < 0.4, and the diffusion coefficient D can be determined by plotting 

Mt/M∞ against t1/2/d using data obtained from the DVS measurements. 

The free water saturation wsat is approximated by fully immersing the straws in water for 7 days, an 

approximation method based on ASTM C1498-01 note 3 [41]. The surface of the samples is then 

lightly blotted with a damp sponge to remove excess water and their weight is measured.  

The water vapour diffusion resistance factor μ is measured using the wet cup and the dry cup 

methods according to standard ISO 12572 [97]. The cups are filled with anhydrous calcium chloride 

CaCl2 for the dry cup method and water for the wet cup method. Specimen with a thickness dµ (m) 

are attached to the cups with a specific exposed area Aµ (m2) and the edges are sealed with 

aluminium tapes to block vapour passage at the edge of the specimen. The change of mass Δm 

(kg) at successive times Δt (s) is measured by weighing the cups to obtain the density of water 

vapour transmission rate g (kg·m-2·s-1) following Eq. (2-2). The measurement is considered 

complete once five successive values of g only vary within ± 5%. The value of µ (dimensionless) is 

then calculated using Eq. (2-3).  

The measurement of thermal conductivity λ (W·m-1·K-1) is done using the transient line source 

method with a thermal needle probe (AP Isomet model 2104). The probe has a declared accuracy 

of 5% of the reading plus 0.001 W·m-1·K-1. Five different bulk densities (60, 70, 80, 90, and 100 

kg·m-3) are prepared for measurements under dry conditions. To conduct measurements under dry 
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conditions, the samples are first dried at 40°C in an oven and then transferred to a desiccator filled 

with silica gel to reach a near 0% RH condition. For moisture-dependent thermal conductivity 

measurements, only samples with a bulk density of 80 kg·m-3 are selected for analysis. The study 

includes five RH conditions, namely near 0%, 33%, 43%, 59%, and 85% RH. All measurements 

are taken at room temperature (20 ± 2°C). The sample is placed inside a fixed 500 ml container, 

with the straws randomly distributed to average the effect of fibre orientation. The weight of the 

straws is carefully adjusted (± 0.1 g) to achieve the predetermined bulk densities. 

To determine the growth rate and presence of mould on the straws, a mould growth test was 

conducted following European Assessment Document EAD 040005-00-1201 Annex B [49]. The 

test involved placing the straws in a desiccator filled with water for two months, during which time 

they were exposed to high relative humidity. At the end of each month, the specimens were visually 

examined for the presence of mould using both the naked eye and a microscope, following ISO 

846 [50]. 

 

3.3.  RESULTS AND DISCUSSION 

3.3.1. Simulated performance 

 

Fig. 3.2 Simulated results (a) moisture content of straws in simulated walls, (b) mould index of straws in simulated 

walls, (c) mould growth risk of using straws as insulation material. 

In the selected wall type and climates, the areas with higher moisture content in the insulation layer 

are typically at the layers adjacent to the exterior lime plaster or behind the interior lime plaster. 

Fig. 3.2a presents the moisture content of these interfaced layers over a simulated year. The mould 

growth risk of these straw layers is then computed and shown in Fig. 3.2b, with a summary of the 

results in Fig. 3.2c. The results demonstrate no substantial distinction in mould growth risk 
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between using wheat or barley straws as insulation material in the simulated wall assembly. 

Consequently, both types of straws are combined in the same figure. 

Out of the twenty-two cases that represent different climate types, half of them have a significant 

risk of mould growth within the straw layers. Among these cases, eight (BSk, BSh, Cfb, Cfc, Cwa, 

Cwb, Csa, Dwa, Dwb) have a higher mould growth risk at their exterior interfaced layer, while six 

cases (BSk, BSh, BWh, Cfa, Cwa, Dwa) have a higher risk at their interior interfaced layer. These 

findings suggest that it is essential to select a straw type with greater resistance to mould growth or 

apply an anti-fungal treatment on the straws when using them as insulation material in these 

unfavourable climates. 

3.3.2. Physical properties and chemical composition 

The straws used in this study have different stalk structures (Fig. 3.3). The stalk of the barley straw 

is wider and fuller on average than the wheat straw. It has a light-brown colour compared to the 

yellowish colour of the wheat straw. It contains a combination of macropores (~100-500 µm) and 

mesopores (~10-50 µm) and thicker stalk wall layers, while the wheat straw contains only 

mesopores. This gives barley straws a less dense structure compared to wheat straws. On average, 

the barley straw has a particle density of 872 kg·m-3, compared to 1013 kg·m-3 for the wheat straw 

(Table 3.2). This lower particle density of barley straw makes them more vapour diffusible per 

individual stalk; with a diffusion coefficient of 3.4 x 10-7 cm2·s-1 compared to the wheat straw at 0.8 

x 10-7 cm2·s-1. In bulk, a material made of barley straws has a lower porosity compared to those 

made of wheat straws; a typical 80 kg·m-3 bulk material made of barley straws has an open porosity 

of 91%, compared to 92% for wheat straws.  

After the antifungal surface treatment using BA, the particle density of the barley and wheat straws 

decreases by around 5%, which suggests that a more porous stalk structure is created. However, 

no significant cracks or wall collapse is observed under the microscope which can be directly 

attributed to the BA treatment. Nevertheless, the increasing vapour diffusion coefficient on both 

the treated straws likewise indicates that the straws are becoming more permeable due to the 

collapse in some of their wall structures. 

Both the wheat and barley straws show overall similar intensities in their FT-IR spectrum compared 

to their untreated counterparts, suggesting that there is no significant change in the chemical 

composition of the surface of the straw after being treated with BA (Fig. 3.4). The relative ratios 

of lignin and wax to cellulose in the treated straws are largely lower than their corresponding 

untreated straws (Table 3.2). The relative ratios also show both wax and lignin contents in the 

wheat straw are closer to the barley straw after treatment. This could imply that the impact of BA 

on the wheat straw is stronger than the barley straw, with more wax and lignin now exposed on 

the surface during the measurements.  

On the other hand, the water contact angle measurement on the treated straws shows an increase 

in their hydrophobicity, implying that additional waxes or other nonpolar compounds may have 

been released onto the surface after the straws are treated with BA (Table 3.2). The water contact 

angle of the wheat straw increased to 100° while the barley straw to 99°.  
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Fig. 3.3 Cross-section of (a) the wheat straw and (b) the barley straw; photos taken using an optical microscope 

(ii) and SEM (iii). 

Table 3.2 Material properties and chemical composition of the wheat and barley straws for bulk density at 80 

kg·m-3 (untreated and treated). 

 Wheat straws Barley straws 

 Untreated Treated BA Untreated Treated BA 

Stalk wall thickness (µm) 270 ± 80 - 540 ± 100 - 

Particle density ρpartocle (kg·m-3) 1013 ± 18 961 ± 13 872 ± 24 830 ± 23 

Open porosity φ (%) 92.1 ± 1.8 91.7 ± 1.4 90.8 ± 2.8 90.4 ± 2.8 

Vapour diffusion coefficient (x 10-7 cm2·s-1) 0.8 ± 0.2 1.1 ± 0.4 3.4 ± 0.7 4.0 ± 1.2  

Water contact angle (°) 76.7 ± 2.6 100.4 ± 9.0 81.3 ± 2.1 99.2 ± 16.1 

Ratio lignin to cellulose     

     I1595 / I1155 0.87 ± 0.10 0.70 ± 0.14 0.94 ± 0.06 0.66 ± 0.06 

     I1595 / I1105 0.78 ± 0.12 0.57 ± 0.15 0.86 ± 0.11 0.56 ± 0.11 

     I1505 / I1155 0.85 ± 0.10 0.68 ± 0.14 0.87 ± 0.10 0.52 ± 0.05 

     I1505 / I1105 0.77 ± 0.12 0.55 ± 0.15 0.79 ± 0.14 0.44 ± 0.10 
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 Wheat straws Barley straws 

 Untreated Treated BA Untreated Treated BA 

Ratio wax to cellulose      

     I2918 / I1155 0.95 ± 0.13 1.00 ± 0.21 1.07 ± 0.17 1.40 ± 0.45 

     I2918 / I1105 0.86 ± 0.16 0.81 ± 0.22 0.97 ± 0.23 1.00 ± 0.49 

     I1734 / I1155 0.86 ± 0.09 0.72 ± 0.15 0.90 ± 0.10 0.69 ± 0.33 

     I1734 / I1105 0.78 ± 0.11 0.58 ± 0.16 0.82 ± 0.15 0.58 ± 0.37 

 

 

Fig. 3.4 ATR FT-IR Spectroscopy of the wheat and barley straws (treated and untreated); three samples per 

category are shown. 

3.3.3. Hygroscopic and thermal properties 

The measured moisture content of the straws is plotted against the predetermined RH conditions, 

as shown in Fig. 3.5a. The average moisture that can be adsorbed by the wheat and barley straws 

is in the range of 12 to 13% at 80% RH, which is aligned with those found in other studies [58]. 

During the desorption process, their moisture contents are in the range of 14% to 17% at 80% 

RH.  
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The wheat straw has a higher sorption capacity and kinetics than the barley straw. The results are 

aligned with the microstructure observed in the straws, where the wheat straw has only mesopores 

compared to the barley straw with a combination of mesopores and macropores. The smaller pores 

(mesopores) are quicker to be filled with water vapour and reach a saturated state, while the larger 

pores (macropores) take a longer time to be filled under the same pore volume. In addition, the 

capillary rise is inversely proportional to the radius of the pore, i.e. the smaller the pore is, the 

greater the rise or fall of the moisture in the pore [98], and the higher the sorption kinetics.  

The second observation is that the treated straws have a higher sorption capacity than the untreated 

straws. The higher sorption capacity suggests that additional microcracks are introduced in the 

straw structure that allow more vapour to be filled. This explanation is parallel to the vapour 

diffusion coefficient of a treated straw, where it becomes more permeable due to the collapse of 

some of its wall structures. 

 

Fig. 3.5 (a) Sorption isotherms and (b) vapour diffusion resistance factor for the wheat and barley straws (treated 

and untreated). 

From the full immersion test, the free water saturation wsat for the wheat straw is around 600% of 

their dry weight, and 500% for the barley straw. These results are higher than the 400% estimation 

typically used in the sorption models for straws [99, 67, 63]. No significant difference in wsat is 

found between the treated and untreated straws. The higher wsat of the wheat straw is mainly 

contributed by their higher open porosity in bulk compared to the barley straw, which can be filled 

with more water under full immersion. 
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The vapour diffusion resistance factor µ is used to describe the vapour permeability of bulk material 

(Fig. 3.5b). The barley straw shows a slightly lower factor than the wheat straw, however, both are 

in the range of 4 and 5 under the investigated bulk densities, similar to those reported in [77, 100, 

101, 102]. No substantial change is found between the treated and the untreated straws. There is a 

slight increment of the factor with increasing density, aligned to the finding in [103]. 

Overall, the water vapor diffusion resistance factor based on the wet-cup method is higher than 

that based on the dry-cup method for both wheat and barley straws discussed in this chapter. This 

observation is contrary to the typical trend, where the resistance factor based on the dry-cup 

method is higher due to the additional surface diffusion under high RH, resulting in a lower 

apparent resistance factor in the wet-cup method. Similar to the observation of expanded cork 

composite in Chapter 2, the closed pore structure within individual straws swells under high RH, 

thereby reducing the open pores within the test specimen. This reduction in open pores leads to a 

higher apparent diffusion resistance under the wet-cup method, as observed in this chapter. 

The effective thermal conductivity λ of both treated and untreated wheat and barley straws are 

plotted against their bulk densities in Fig. 3.6a. The thermal conductivities fall within the range of 

45 and 65 mW·m-1·K-1 for bulk density ranging from 60 to 100 kg·m-3, which aligns with values 

reported in previous studies [58]. In general, a lower bulk density or higher porosity results in a 

lower thermal conductivity of the straws. This is because the air in the pores has a lower thermal 

conductivity than the solid part of the straws, which is consistent with the findings of other studies 

[104, 105]. The treated straws have a lower porosity compared to the untreated straw at the same 

bulk density, resulting in higher thermal conductivities. 

 

Fig. 3.6 Thermal conductivity plotted against (a) different bulk densities and (b) different moisture content of 

the wheat and barley straws (treated and untreated). 

The thermal conductivity of barley straw is only slightly lower than that of wheat straw. At a bulk 

density of 80 kg·m-3, the mean dry thermal conductivity (λdry) of barley straw is 51 mW·m-1·K-1, 
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while that of wheat straw is 53 mW·m-1·K-1. As the bulk density increases from 60 to 100 kg·m-3, 

the mean thermal conductivity of barley straw increases from 49 to 53 mW·m-1·K-1, while that of 

wheat straw increases from 53 to 61 mW·m-1·K-1. The wheat and barley straws have different 

microstructures, with barley straw having larger pores and thicker wall structures, which could 

affect their effective thermal conductivity. 

There is no noticeable difference in thermal conductivity between the treated and untreated straws. 

The use of an antifungal treatment with boric acid (BA) has no significant impact on the thermal 

conductivity of the straws. 

Straw samples with a bulk density of 80 kg·m-3 are selected for additional moisture-dependent λ 

analysis. Fig. 3.6b illustrates the linear relationship between the thermal conductivity and moisture 

content of both treated and untreated wheat and barley straws. The thermal conductivity of the 

straws increases with increasing moisture content in the pores because water has a higher thermal 

conductivity than air within a pore (598 mW·m-1·K-1 as opposed to 25 mW·m-1·K-1). Both straws 

demonstrate a comparable incremental trend in thermal conductivity with increasing moisture 

content, emphasizing the prominent role of moisture in determining the overall insulation 

performance. No significant difference in thermal conductivity between the treated and untreated 

straws is observed under different moisture contents. 

3.3.4. Mould resistance 

The test specimen is subjected to high humidity conditions in a desiccator filled with water for two 

months. At the end of the first and second months, the specimen is visually examined with the 

naked eye and a microscope to detect the presence of mould. The specimens before humidity 

conditioning and after the first and second months under high humidity conditioning are shown 

in Fig. 3.7. The intensity of fungal growth on the test specimen is evaluated according to the scales 

of mould growth specified in ISO 846 [50]. 

By the end of the first month, significant mould growth covering more than half of the test surface 

is observed on the untreated wheat straw, while only minor mould growth is present on the barley 

straw as observed with the naked eye. After an additional month of humidity conditioning, heavy 

mould growth is visible on the entire surface of the wheat straw, but no significant increase in 

mould growth is observed on the barley straw. These results support the hypothesis that the lower 

ratio of lignin to cellulose-hemicellulose and a lower percentage of wax in barley straw contribute 

to its higher resistance to mould growth compared to wheat straw. In addition, wheat straws have 

higher moisture content and are less permeable, i.e. with higher sorption isotherms compared to 

barley straws and a higher vapour resistance factor, which signifies more free water in wheat straws 

to sustain any mould growth.  
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Fig. 3.7 Mould resistance tests on the wheat and barley straws (treated and untreated). Photos are taken on Day 

1, Day 28, and Day 56, with the intensity of mould growth (IG) included. 
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The use of BA as an antifungal treatment on both wheat and barley straws resulted in a significant 

improvement in retarding mould growth under the same humidity conditioning. Although visible 

mould growth covering up to 25% of the surface of the treated wheat straw can still be observed, 

no mould growth is visible on the treated barley straw to the naked eye or under the microscope 

by the end of the first month. By the end of the second month, significant mould growth covering 

up to 50% of the wheat straw is observed, while minor, visible mould growth started to show up 

on the barley straw. The effectiveness of BA as a fungicide on the straws is noticeable, with 

improved mould resistance on the treated straws.  

Additionally, whitish spots observed on the treated wheat straw (Fig. 3.7b, Day 56) match the 

account of white rot fungi [106]. This aligns with the literature where BA has a higher efficacy 

against brown rot fungi compared to white rot fungi [84]. It should be noted that severe testing 

conditions were applied, i.e. continuous exposure under a high-humidity environment for a long 

period. Therefore, the results are conservative and show higher mould growth potential than what 

is expected in actual applications. 

 

3.4.  CONCLUSIONS 

This chapter aims to explore the possibility of using renewable alternatives, namely wheat and 

barley straws, as substitutes for conventional insulation materials, leveraging their widespread 

availability as by-products of global crop production. The study investigates the risk of mould 

growth in wall assemblies with straw infill across twenty-two distinct climate types, while also 

comparing the physical, thermal, hygroscopic, and durability properties of wheat and barley straws. 

Furthermore, the study evaluates the effectiveness of using boric acid as an antifungal surface 

treatment on straws and assesses its impacts on straw properties. 

In general, half of the twenty-two simulated cases, representing different climate types, demonstrate 

a considerable probability of mould growth within the straw layers. This finding highlights the 

importance of selecting straw types with higher resistance to mould growth or applying antifungal 

treatments when using straws as insulation material in such unfavourable climates. 

When applied as thermal insulation material, barley straws exhibit better hygrothermal 

characteristics compared to wheat straws. Specifically, barley straws demonstrate a lower sorption 

capacity, lower moisture content at the same relative humidity level compared to wheat straws, and 

a lower thermal conductivity, albeit insignificant, at 51 ± 2 mW·m-1·K-1 compared to 53 ± 1  

mW·m-1·K-1 under the dry condition and bulk density at 80 kg·m-3. In terms of durability, barley 

straws exhibit a lower intensity of mould growth compared to wheat straws, which can be attributed 

to the higher wax and lignin contents, lower sorption isotherms, and higher vapour diffusion due 

to the existence of macropores within stalk structures. Collectively, these factors suggest that barley 

straws are more suitable as thermal insulation material than wheat straws. 

Boric acid, recognized for its low toxicity and affordability, has been utilized as a fungicide. The 

straightforward application of boric acid as an antifungal treatment involves simple spraying onto 

the surface of straws. This treatment can be applied to straw bales, loose-fill, or other bulk materials 
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composed of straws. In the case of straw bales, boric acid can be sprayed onto the bale surface, considering 

that higher moisture content in the insulation layer is typically concentrated at the layers adjacent 

to the next layer, where mould growth is prone to occur. Straw bales can be pre-treated and air-

dried in the field prior to transportation to the construction site, minimizing the cost impact of 

pre-treatment. Similarly, for loose straw infill, the straws can be treated during the shredding 

process. As only surface treatment is necessary, excess moisture from pre-treatment can be 

eliminated through ambient air-drying or low-temperature accelerated drying.  

The application of antifungal surface treatment using boric acid on both wheat and barley straws 

substantially improves their resistance to mould growth. Treated straws demonstrate a lower 

intensity of mould growth under identical testing conditions. Although the treated straws exhibit 

slightly higher sorption capacity compared to the untreated ones, no significant effect is observed 

on their thermal conductivity. 

To conclude, both barley and wheat straws demonstrate significant potential as thermal insulation 

materials, characterized by low thermal conductivities and no risk of mould growth in favourable 

climate conditions. The research findings further indicate that barley straws are more suitable than 

wheat straws for thermal insulation, based on their thermal, hygric, and durability characteristics. 

Moreover, it is recommended to utilize boric acid as an antifungal treatment for straws in building 

materials, particularly for wheat straws in unfavourable climatic conditions. This treatment 

effectively enhances the mould resistance of both wheat and barley straws while having minimal 

adverse effects on their hygric and thermal properties. Future research should explore the viability 

of other straw types as insulation materials, assess the effectiveness of boric acid on a broader range 

of bio-based materials, and investigate the long-term durability of boric acid-treated insulation. 
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4. UTILIZATION OF GEOPOLYMER IN WOOD WOOL 

INSULATION BOARDS: DESIGN OPTIMIZATION, 

DEVELOPMENT AND PERFORMANCE 

CHARACTERISTICS 

 

ABSTRACT 

This chapter investigates the substitution of ordinary Portland cement (OPC) with geopolymer in 

the production of wood wool geopolymer boards (WWGB), offering insights into manufacturing 

methods, design parameters, and performance characteristics. The composite formulation involves 

fibre pre-treatment, adjustment of precursor components, and control of activator compositions. 

The optimized formulation results in a lightweight composite with a density of 392 kg·m-3 and 

porosity of 76%, meeting the prescribed minimum compressive (20 kPa) and bending strength 

(1700 kPa) requirements. The inclusion of natural fibres influences the optimal Na2O concentration 

and modulus for strength, with treated fibres recommended for higher modulus applications and 

improved strengths. Furthermore, it exhibits low thermal conductivity at 77 mW·m-1·K-1, minimal 

moisture sorption, and low vapour resistance, offering a sustainable alternative in the field of 

insulation materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results presented in this chapter are published in the following article: 

C.H. Koh, Y. Luo, F. Gauvin, and K. Schollbach, "Utilization of geopolymer in wood wool insulation boards: Design 

optimization, development and performance characteristics," Resources, Conservation and Recycling 204, 107510 

(2022). 
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4.1.  INTRODUCTION 

Wood wool cement board (WWCB), comprising wood wool fibres bonded with ordinary Portland 

cement (OPC), has gained widespread usage in construction due to its resistance to decay and 

insects, lightweight nature, and favourable acoustic and thermal insulation properties [107, 108]. 

However, OPC manufacturing has a high embodied carbon, resulting in approximately 600 to 850 

kg of CO2 emissions per tonne [109, 110]. Sustainable alternatives are sought, with geopolymers 

emerging as promising candidates that offer significant carbon footprint reduction [111] and 

potential performance advantages over OPC [112]. Exploration of wood wool geopolymer board 

(WWGB) could potentially address the environmental concerns; however, wood-cement 

compatibility, optimal binder formulation, fibre conditions, and manufacturing methods need 

clarification. 

A key challenge in manufacturing wood-cement composites arises from the chemical 

incompatibility between wood and cement [113, 114]. Saccharides in natural fibres can inhibit 

cement setting and hardening when leached out [115, 116]. However, promising compatibility has 

been reported between geopolymer binders and wood fibres [117, 118, 119, 120], as well as other 

natural fibres [121, 122, 123, 124, 125, 126, 127, 128]. Substituting OPC with geopolymer holds 

promise in producing WWGB. 

Tailoring the geopolymer binder is crucial in determining WWGB performance. Geopolymers, 

formed by activating industrial aluminosilicate waste materials like coal fly ash (FA) and ground 

granulated blast furnace slag (GGBFS) using alkali agents [112, 129], have been extensively studied. 

The geopolymerisation of ASTM Class F FA, offering a low-calcium alkali-activated system with 

the primary reaction product of sodium aluminosilicate hydrate gel (N-A-S-H), provides better 

thermal stability compared to OPC or other alkali-activated materials [112]. The formulation of 

alkali activators, with varying SiO2-to-Na2O ratios (modulus) and Na2O concentrations, 

significantly influences geopolymer gel formation. Furthermore, the inclusion of GGBFS in the 

FA-based precursor can enhance reactivity, leading to quicker setting and early strength 

development [130]. Therefore, investigating geopolymer formulation for WWGB production is 

essential.  

Effective adhesion of fibres to geopolymer gels and potential surface morphology enhancement 

through pre-treatment is vital. Alkaline treatment increases fibre hydrophobicity and roughness 

[131], potentially improving adhesion. Alkali-treated wood fibres have demonstrated improved 

mechanical performance within cementitious matrices [132], and efforts have been made to use 

alkali-treated fibres for geopolymer reinforcement [128, 133, 134]. Therefore, WWGB made from 

pre-treated fibres is expected to exhibit improved adhesion and structural interlocking between 

fibres and the geopolymer binder. 

Maximizing fibre content is critical for achieving the desired insulation properties. However, most 

studies have focused on using fibres as reinforcing components in geopolymer composites [121, 

122, 117, 123, 124, 125, 126, 127, 128, 135]. For instance, [121] examined the dry mixing-spraying 

process to produce geopolymer-bonded fibreboards with up to 50 wt% fibre content. Although 

the composite exhibited good bending strength, bulk densities exceeded 1000 kg·m-3 and no 

thermal conductivity measurements were reported. [122] investigated the production of wheat 
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straw geopolymer composites, and the resulting boards exhibited relatively low densities ranging 

from 235 to 894 kg·m-3 and thermal conductivities ranging from 92 to 186 mW·m-1·K-1. However, 

these values were less favourable compared to commercially available WWCB products, which 

have thermal conductivities of 80 to 90 mW·m-1·K-1 with densities of 390 to 420 kg·m-3 [136]. 

Therefore, manufacturing methods should be further explored to close the performance gaps. 

This chapter aims to replace the high embodied carbon raw material (OPC) with geopolymer in 

the production of wood wool boards. Specifically, we will focus on the manufacturing method, the 

effect of spruce wood wool with and without alkali pre-treatment for binding with geopolymer, 

the inclusion of GGBFS into the FA-based precursor, and the modulus and Na2O concentration 

of the alkali activator to optimize geopolymer gel formation for WWGB. By investigating the 

feasibility, characteristics and performances of a wood wool board based on geopolymer, this 

chapter aims to address the increasing demand for environmentally friendly alternatives in the field 

of insulation materials. 

 

4.2.  MATERIAL AND METHODOLOGY 

4.2.1. Raw material 

Locally sourced raw materials, namely spruce wood wool (WW), Class F fly ash (FA) and ground 

granulated blast furnace slag (GGBFS) obtained from the Netherlands, are utilized. The average 

particle size (d50) of FA and GGBFS is 13.9 µm and 19.3 µm, respectively, as determined by a laser 

particle size analyzer (Mastersizer 2000). The WW, with dimensions of 1 mm width, 0.3 mm 

thickness, and 25 cm length, is stored at 50 ± 5% relative humidity and 20 ± 2°C. The chemical 

composition of FA and GGBFS is analysed using X-ray fluorescence spectrometry (XRF) 

(PANalytical Epsilon 3), and their loss on ignition (LOI) is determined between 105 to 1000°C, as 

presented in Table 4.1. For the alkali activator, sodium silicate solution (27.7% SiO2, 8.4% Na2O 

and 63.9% H2O) and sodium hydroxide (NaOH) pellets are employed. Furthermore, 1 wt% sodium 

hydroxide solution is prepared for fibre pre-treatment.  

4.2.2. Boards design and manufacturing 

Life cycle assessments comparing the replacement of OPC with geopolymer [137, 138, 139, 140, 

141] generally concur that geopolymer production yields a lower CO2 footprint than OPC. 

However, the extent of reduction in global warming potential (GWP) varies based on assessment 

methods, assumptions, and data quality. Notably, alkali activators, namely sodium hydroxide with 

a GWP of 1.27 kg CO2·kg-1 [138] and sodium silicate solution with a GWP of 0.424 kg CO2·kg-1 

[142] emerge as major contributors to GWP. Higher Na2O concentration and SiO2-to-Na2O 

modulus result in increased raw material consumption and, consequently, higher GWP. Striking a 

balance between environmental impact and overall performance is crucial when determining alkali 

activator design parameters. Additionally, both precursor materials (FA and GGBFS) are by-

products of industrial processes and are subjected to emission allocation between primary products 

and by-products [143]. Although studies suggest a potential higher GWP for GGBFS compared to 



 
 

48 
 

FA [144, 143, 137], the FA-to-GGBFS ratio is considered less critical for the overall environmental 

impact of the board.  

In this study, four key parameters are investigated to achieve optimum performance of WWGB: 

(i) alkali pre-treatment of WW, (ii) Na2O concentration, (iii) SiO2-to-Na2O modulus of the alkali 

activators, and (iv) percentage of GGBFS and FA in the precursor. A baseline geopolymer 

formulation is established with a blend weight ratio of 95% FA and 5% GGBFS for the precursor, 

along with an alkali activator with a modulus of 1.8 and Na2O concentration of 8% determined as 

optimal based on previous research [145] and preliminary experiments.  

From this baseline, the design parameters are varied, exploring different Na2O concentrations 

ranging from 6% to 12%, modulus values spanning from 1.0 to 2.2, and different percentages of 

GGBFS ranging from 0% to 15%. Each geopolymer formulation is applied to both alkali pre-

treated WW and untreated WW samples. The detailed compositions of the mixtures can be found 

in Fig. 4.1a.  

To ensure optimal activation and workability during the mixing process with WW, the water-to-

dry geopolymer (dry sodium silicate, sodium hydroxide, FA and GGBFS) ratio is set at 0.4. 

Furthermore, the weight percentage of WW in the total dry weight (WW and dry geopolymer) is 

set at 30%. This percentage strikes a balance between effective binding and preventing binder 

runoff during the board-forming process. The density of WW without geopolymer is maintained 

at 90 kg·m-3 by controlling the amount of WW added, ensuring consistency in the final volume. To 

ensure a homogenous coating of geopolymer pastes onto the WW within the designated fabrication 

timeframe, WW is pre-wetted by spraying with water and the water-to-fibres ratio is set at 0.4. 

Energy expended in board fabrication, especially during the curing and heating process, is 

optimized. Preliminarily investigations consider both ambient and heat curing [130, 146, 147], with 

a decision in favour of heat curing at 60°C for 24 hours to achieve the required early strength.  

Table 4.1 Chemical composition of FA and GGBFS. 

Oxides (wt%) FA GGBFS 

SiO2 54.57 29.41 

Al2O3 21.60 13.21 

Fe2O3 9.04 0.37 

CaO 6.12 41.67 

K2O 2.85 0.42 

MgO 1.17 8.57 

SO3 0.41 2.64 

Other 2.13 1.07 

LOI (1000°C) 2.11 1.15 

Specific density (kg·m-3) 2225 2760 
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Fig. 4.1 (a) Mixed details for WWGB production, (b) WWGB sample production procedure, and (c) example of 

fabricated WWGB sample (E4). 

The production procedure is illustrated in Fig. 4.1b. WW is divided into two batches: one 

undergoing pre-treatment and the other remaining untreated. For the treated WW batch, 

immersion in a 1 wt% sodium hydroxide solution is conducted for 24 hours [148]. Subsequently, 

the treated WW is rinsed with water to eliminate alkali residue and impurities and left to dry under 

ambient conditions. The alkali activators are synthesized beforehand by blending sodium silicate 

solution, sodium hydroxide pellets, and additional water based on predetermined formulations.  

During the main production process, WW is pre-wetted by spraying with water, using a water-to-

fibre ratio of 0.4. The precursor materials (FA and GGBFS) and alkali activator solution are then 

added to a mixer and blended until a homogeneous paste is achieved. This geopolymer mixture is 

poured onto the WW and thoroughly mixed to ensure optimal coating of the binder onto the WW 

surfaces. The resulting mixture is transferred into a fixed-volume mould (350x250x15 mm3) and 

compressed overnight. Throughout the forming process, the coated fibres are randomly laid and 

deagglomerated to ensure a consistent and homogeneous mixture.  
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After 24 hours, the compressed board is removed from the mould, wrapped in plastic foil, and 

cured overnight in an oven at 60°C for 24 hours. Following curing, the plastic is removed, and the 

board is further dried in an oven at 60°C for another 12 hours. Subsequently, the board is taken 

out of the oven, representing the final WWGB, and trimmed to its final dimensions (300x200x15 

mm3). A total of 24 WWGB samples are fabricated in this study, encompassing 20 distinct recipes 

(Fig. 4.1c).  

4.2.3. Characteristics assessment 

The mechanical properties of the samples are evaluated using a mechanical testing system (Instron 

5967) equipped with a 5 kN load cell. The evaluation is based on the minimum criteria outlined in 

the European Standard EN 13168 [149], which serves as the benchmark for this testing. EN 13168 

establishes the requirements for factory-manufactured wood wool products, presented in the form 

of boards or slabs, designed for application in the thermal insulation of buildings. 

For the measurement of bending strength, the testing method specified in EN 12089 [150]  is 

employed. Two test specimens per sample type are cut into dimensions of 150x125x15 mm3. The 

test machine is set to a constant speed of 10 mm·min-1. The maximum force exerted during the 

bending test is used to calculate the bending strength (σb). The minimum required σb value of 1700 

kPa [149] is used as a reference. 

To determine the compressive strength at 10% deformation (σ10), the testing procedure outlined in 

EN 826 [151] is followed. Two test specimens per sample type with dimensions of 50x50x15 mm3 

are cut. The specimens are compressed at a constant displacement rate of 1.5 mm·min-1. The 

compression stress at a strain of 10% (σ10) is recorded. The minimum required σ10 at 20 kPa [149] 

is used as a reference. 

The measurement of thermal conductivity (λ) is carried out using the transient line source method 

with a thermal needle probe (AP Isomet model 2104). The thermal needle probe, known for its 

accuracy of 5% of the reading plus 0.001 W·m-1·K-1 is employed. All samples are conditioned at a 

relative humidity of 50 ± 5%, and the measurements are conducted at 20 ± 2°C. Three 

measurements are taken at different locations on each board. 

The hygroscopic sorption properties of the samples are determined following standard ISO 12571 

[152]. The moisture contents (w) of all samples are measured after conditioning them at 80% 

relative humidity in a climate chamber (Memmert ICH750). However, for the sorption isotherms 

measurement from 0% to 85% relative humidity, only samples A2 and D2, which represent 

WWGB made of untreated and treated WW, are included. To monitor the moisture uptake, the 

samples are weighed at 24-hour intervals using a digital balance. Constant mass is considered 

reached when three successive weighings show a mass loss change of less than 0.1%. 

The water vapour diffusion resistance factor (μ) is measured using the cup methods as outlined in 

standard ISO 12572 [97]. Samples A2 and D2 are used to investigate the water vapour transmission 

properties. The measurement is considered complete when five successive readings of the water 

vapour transmission rate density vary within ± 5%.  
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The measurement of sound absorption coefficient (α) and sound transmission loss (TL) is 

conducted using two impedance tubes: BSWA SW422 and SW477. These impedance tubes cover 

different frequency ranges, with SW422 covering the range of 63-1600 Hz and SW477 covering 

the range of 800-6300 Hz. The SW422 requires samples with a diameter of 100 mm, while the 

SW422 requires samples with a diameter of 30 mm. Only samples A2 and D2 are included. The 

sound absorption coefficient is measured following ISO 10534-2 [153], while the sound 

transmission loss is based on the transfer function method. 

Visual inspection is conducted using a scanning electron microscope (SEM) (Phenom ProX). 

Additionally, the cross-section of the samples is analysed using micro-computed tomography 

(micro-CT) analyses (Scanco µCT 100). 

To determine the particle density (ρparticle), a helium pycnometer (Micromeritics AccuPyc II 1340) 

with a 10 cm3 cup is used. From the measured particle density, the porosity φ (%) of the specimen 

is calculated using Eq. (2-1). The pycnometer has an accuracy of 0.06%. 

The chemical composition of the samples is analysed using Fourier transform-infrared (FT-IR) 

spectroscopy in conjunction with an attenuated total reflection (ATR) attachment (PerkinElmer 

Frontier FT-IR). The FT-IR spectra are collected over a wavenumber range of 4000 to 400 cm-1, 

with a resolution of 1 cm-1. 

Thermogravimetric analysis (TGA) is performed using a thermogravimetric analyser (TA 

Instruments TGA Q500). The heating process starts from room temperature and continues up to 

900°C, with a heating rate of 10°C·min-1. The samples are analysed under a controlled nitrogen 

atmosphere with a constant flow rate of 60 ml·min-1. 

 

4.3.  RESULTS AND DISCUSSION 

4.3.1. Mechanical strength 

Fig. 4.2a illustrates the relationship between the bending strength of WWGB and various design 

parameters. Notably, the most significant increase in bending strength is observed with higher 

Na2O concentration, followed by an increase in modulus and GGBFS percentage. However, when 

considering the minimum bending strength requirement specified in EN 13168 for a 15mm 

thickness board (1700 kPa) [149], WWGB samples made with a minimum of 8 wt% Na2O 

concentration, a modulus of 1.8 or higher, and a GGBFS ratio above 5% meet the minimum 

strength requirement.  

All samples meet the minimum requirement specified in EN 13168 [149], which mandates a 

minimum compressive stress at 10% strain (σ10) of 20 kPa (CS(10/Y)10) for handling purposes. 

Notably, samples with higher Na2O concentrations (samples A4 and E4) exhibit the highest 

compressive strengths. This observation indicates an increased formation of aluminosilicate 

products under higher Na2O concentrations, resulting in a stronger binding mechanism. Moreover, 

it is evident that the compressive strength of WWGB samples reaches a plateau within the range 

of 1.4 and 2.2 modulus and with a GGBFS range of 10% and 15%.  
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Fig. 4.2 (a) Bending and (b) compressive strengths of WWGB samples as a function of Na2O concentration, 

Modulus, and %GGBFS. 

From previous research [154], the optimal Na2O concentration is found to be between 5.5 to 10 

wt% for a standalone geopolymer paste. Excessive Na2O concentrations further hinder the 

subsequent formation of geopolymer gel [155]. However, a higher Na2O concentration at 12 wt% 

is found to further increase the compressive strength in samples A4 and E4. This suggests that part 

of the excess hydroxide from the activator reacts with the hydroxyl groups present in the WW 

fibres [148], instead of inducing early gel precipitation [154]. The presence of natural fibres 

significantly influences the optimal value of Na2O concentration of an activator.  

Compressive strength continues to increase up to a modulus of 1.8 for samples with untreated WW 

and 2.2 with treated WW in this study, under a fixed 8 wt% Na2O concentration. Notably, the 

compressive strength of sample B4 drops significantly; however, no reduction in its bending 

strength is observed. This implies a disruption in the forming of geopolymer binder, while the WW 

cellulose structure remains largely intact. A two-fold cause is suggested. First, hydroxide dissolves 

hemicellulose from untreated WW and releases carboxylic acid, weakening the alkali medium [156] 

of the alkali activator. Second, the optimal value of the modulus correlates with its Na2O 

concentrations, achieving an equilibrium between alkaline hydrolysis and the absorption rate of 

soluble Si [154]. Excess SiO2 may induce polymerized SiO4 that suppresses the subsequent 

geopolymerisation process [154].  
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Generally, increasing GGBFS content in an FA-based geopolymer tends to improve its overall 

compressive strength [130]. However, in this study, the inclusion of 10% or more GGBFS results 

in a paste with low workability and a shortened setting time. The adhesion between the geopolymer 

binder and WW fibres is subsequently compromised, especially in samples with untreated WW 

(sample C4). 

Further discussions on the formation of aluminosilicate products will be provided through 

subsequent FTIR and TG analyses. 

The disparity in bending strength between WWGB samples made with treated and untreated WW 

is more pronounced compared to the differences in their compressive strengths. Generally, 

WWGB samples incorporating treated WW demonstrate higher bending strengths. This 

improvement can be attributed to the removal of non-cellulose components, such as wax, and the 

presence of mercerised cellulose structures in treated WW, which enhance adhesion with the 

geopolymer gels [157, 131]. It is worth noting that WWGB samples incorporating treated fibres 

only exhibit slightly better compressive strength compared to untreated samples. This indicates 

that the geopolymer binder, rather than the fibres, primarily determines the compressive strength, 

as the formation of aluminosilicate products plays a crucial role in providing interconnecting 

strength within the composites.  

No reduction in bending strength is observed in this study, with alkali activators up to 12 wt% 

Na2O concentration. The structural cellulose largely remains unaffected because alkaline hydrolysis 

is limited to the surface layer (waxes, oils) and hemicelluloses, either during the fibre pre-treatment 

or geopolymerisation process. This is aligned with the previous study [158], which suggested that 

alkalinity is not the main degradation mechanism of natural fibre but other mechanisms such as 

fibre mineralisation are a bigger influence. It is expected that the long-term performance of the 

WW will not be significantly compromised by the alkaline pore solution in the geopolymer; 

however, further study is warranted. 

4.3.2. Insulation properties 

The primary objective of WWGB is to enhance thermal insulation in building envelopes. The 

thermal conductivities of all samples are presented in Fig. 4.3a. Generally, heat transfer primarily 

occurs through the interconnected gel network within WWGB. Samples with higher porosity 

exhibit lower thermal conductivities due to their porous structure, where the internal air voids, 

including mesopores and macropores, serve as the main insulating component.  The results indicate 

an increase in thermal conductivities with higher Na2O concentration, modulus and GGBFS 

content, suggesting a denser gel structure within the samples, which correlates with their 

mechanical strength. Interestingly, WWGB made of untreated WW demonstrates lower thermal 

conductivities compared to the treated counterpart. This reveals a trade-off associated with fibre 

pre-treatment; while it improves mechanical strength, it sacrifices thermal insulation performance 

due to the denser structure within treated fibres. The median thermal conductivities for all groups 

range between 70 and 85 mW·m-1·K-1. These values are comparable to commercially available 

WWCB products, such as 80 and 90 mW·m-1·K-1 for WWCB with densities of 390 and 420       

kg·m-3, respectively [136]. Notably, sample A1 exhibits an even lower thermal conductivity below 

70 mW·m-1·K-1; however, its porous structure sacrifices its mechanical strength. 
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Fig. 4.3 (a) Thermal conductivities and (b) moisture content at 80% relative humidity of WWGB samples as a 

function of Na2O concentration, Modulus, and %GGBFS. (c) Sorption isotherm, (d) water vapour diffusion 

resistance factor, (e) sound absorption coefficient, and (f) normal incidence of transmission loss of WWGB 

samples A2 and D2. 

Fig. 4.3b shows the moisture contents of all WWGB samples conditioned at 80% relative 

humidity. Overall, the moisture sorption of the WWGB can be considered low compared to typical 
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WWCB, which has a moisture content of 12% at 80% relative humidity [136], slightly higher than 

the average of 10% measured in this study. 

From Fig. 4.3c, the sorption capacities of WWGB are reduced compared to the original WW 

component under lower relative humidity, with smaller differences at higher relative humidity. 

Mesopores can be found in WW [159], and when they are not covered by geopolymer, water 

initially fills up these mesopores at lower relative humidity. In contrast, in the geopolymer paste, 

there is a combination of macropores and mesopores [160], along with the macropore structure in 

the WWGB, where moisture only fills up in these larger pores at higher relative humidity. Under 

different geopolymer compositions, a slight increase in moisture content can be observed with 

higher Na2O concentration or lower modulus of the alkali activator, while no notable trend is 

discerned with different GGBFS percentages in the precursor. This may indicate the creation of a 

denser network of mesopore structures with higher Na2O concentration or lower modulus [161]. 

It can also be observed that the WW treated with NaOH solution exhibits lower sorption isotherms 

compared to the untreated WW. The alkali treatment degraded the cell wall material and reduced 

the number of hydroxyl groups accessible to water, resulting in increased hydrophobicity [131, 

148]. Accordingly, the WWGB made from untreated WW (sample A2) has slightly higher sorption 

isotherms compared to the WWGB with treated WW (sample D2). These consistent trends suggest 

that the moisture sorption in WWGB is primarily influenced by the fibre component. This 

observation is further supported by the moisture contents of all WWGB samples conditioned at 

80% relative humidity, where the WWGB with treated WW has lower moisture contents compared 

to their counterparts.  

The water vapour diffusion resistance factors for the samples are found to be between 3 and 5 

using the wet cup and dry cup method (Fig. 4.3d). The low resistance factors indicate that the 

WWGB has a high moisture diffusivity property. This value is similar to that of typical WWCB, 

which has a factor of 3 (at a density of 420 kg·m-3) [136]. 

Fig. 4.3e shows the normal incidence sound absorption coefficient of Samples A2 and D2. Both 

samples exhibited a similar trend in sound absorption within the tested frequency range, with the 

WWGB made from treated WW showing higher absorption coefficients at higher frequencies. 

Sample D2 shows an absorption peak at 2500 Hz, while sample A2 exhibits a peak at 3150 Hz. 

These sound absorption patterns are comparable to previous findings on WWCB [162]. However, 

due to the small sample size used in this measurement, the effect of WW treatment is not 

conclusive. Both samples have a similar sound absorption rating of Class E, with a weighted sound 

absorption coefficient αw of 0.15 according to ISO 11654, indicating poor sound absorption (low 

absorption capability). In comparison, commercial WWCB available in the market achieves an αw 

of 0.35 (Class D) when employing a 25 mm thick WWCB attached to a concrete layer [163]. This 

suggests that the sound absorption capability of the WWGB samples is relatively close to that of a 

commercial WWCB. 

Both samples, A2 and D2, demonstrate low normal incidence transmission losses below 5 dB, 

particularly at lower frequencies (Fig. 4.3f). These suboptimal transmission losses can be attributed 

to the uneven circumference of the samples caused by their porous structure, leading to flanking 
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transmission during testing. Additionally, the developed WWGB are thin and lightweight, which is 

not ideal for effective standalone sound insulation [164].  

4.3.3. Physical properties 

The alkali treatment of WW fibres leads to significant changes in surface morphology, as illustrated 

in Fig. 4.4b, compared to untreated WW fibres (Fig. 4.4a). The treated fibres display signs of 

fibrillation. The reaction between NaOH and the hydroxyl groups present in the wood fibres results 

in the removal of a portion of lignin, hemicellulose, and wax from the fibres [148]. This mercerised 

cellulose structure enhances interfacial bonding between the fibres and geopolymer gels [157, 165] 

in WWGB. Fig. 4.4c shows the geopolymer gel on the surface and between the fibres provides 

the primary binding strength in the WWGB. Unreacted and partially reacted FA particles can also 

be observed on the WWGB, indicating an incomplete reaction of the FA particles during the 

geopolymerisation process, similar to previous reports [166, 167].  

The micro-CT scan of the cross-section of WWGB sample A2 (Fig. 4.4d) reveals three main 

components: geopolymer gel (shown in solid grey), pores and voids (shown in solid black) and 

WW (shown in grey dotted with black). The geopolymer gels, with varying thicknesses, including 

some exceeding 1 mm, can be observed wrapping around the WW, forming an interconnected 

network throughout the structure of the WWGB. The original mesopore structure within the WW 

fibres remains distinguishable. Additionally, new macropores are formed between the coated WW 

fibres, and mesopores can be observed within the geopolymer gel. Overall, the internal structure 

exhibits a high level of inhomogeneity. This inhomogeneity highlights the challenges associated 

with maintaining consistency in the final product at a smaller laboratory scale. However, these 

challenges could potentially be resolved by scaling up production to the larger scale typically used 

for WWCB production [108]. 

In general, the samples exhibit similar ranges of bulk densities, ranging between 350 and 450    

kg·m-3, depending on the specific design parameters (Fig. 4.4e). The bulk densities show the 

greatest increase with an increment in Na2O concentration, followed by an increase in silica 

modulus, and were least affected by the percentage of GGBFS in the precursor. These findings 

align with the general trend observed in mechanical strength and insulation performance; samples 

characterized by denser structures exhibit both higher thermal conductivity (Fig. 4.3a) and 

mechanical strength (Fig. 4.2). 

The open porosities of the fabricated WWGB range from 70% to 80% (Fig. 4.4f). In most cases, 

samples made with either untreated or treated WW exhibit similar porosity under the same designed 

parameters. The open porosity shows a clear decreasing trend with an increase in Na2O 

concentration owing to the promoted activation; however, no clear trend can be observed when 

changing the modulus of alkali activators or the percentage of GGBFS in precursors. 
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Fig. 4.4 SEM images of (a) untreated wood wool, (b) treated wood wool, and (c) WWGB. (d) WWGB cross-

section from micro-CT scan. (e) Bulk densities and (f) open porosities of WWGB samples as a function of Na2O 

concentration, Modulus, and %GGBFS. 
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4.3.4. Chemical compositions 

The alkali treatment of WW fibres leads to delignification, resulting in the disappearance of 

characteristic peaks associated with lignin vibrations at 1250 cm-1 and 1025 cm-1, which represent 

the C-O ester vibrations [168](Fig. 4.5a). Additionally, the peak at 1510 cm-1 attributed to aromatic 

skeletal vibration [169] is no longer observed. These observations align with the fibrillation 

observed in the treated WW (Fig. 4.4b). The treated fibres also exhibit a reduced intensity of the 

band at 3300cm-1, which is associated with the OH group [170]. This reduction suggests the 

disruption of intermolecular hydrogen bonding in cellulose or a decrease in free water content 

within the treated fibres.  

Fig. 4.5b displays the main peaks at broad bands 1030 cm-1 and 900 cm-1 for FA and GGBFS 

respectively. These peaks correspond to the asymmetric stretching vibration modes of Si-O-T 

bonds (T = tetrahedral Si or Al), exhibiting different glassy networks for FA and GGBFS [171, 

172]. Upon alkali activation, the bands for all samples in this study are centred at or around 1000 

cm-1, which is typical for an FA-based geopolymer [173]. This suggests the formation of a highly 

polymerized aluminosilicate network as the primary reaction product. 

In a blended FA and GGBFS system, the shifting of the main Si-O-T band primarily reflects 

changes in the polymerization degree of Si-O-T crosslinking. In this study, an increase in the 

GGBFS ratio in the precursor causes the main Si-O-T band to shift from 1000 cm-1 to a lower 

wavenumber at 980 cm-1 (Fig. 4.5c/iii), indicating a lower polymerization degree due to the 

presence of a calcium source from GGBFS [174]. Varying Ca concentrations also impact the 

formation of geopolymer gel composition, and can lead to the formation of N-A-S-H, C-A-S-H, 

or intermediate gel (N-C-A-S-H and C-N-A-S-H) [155]. However, the exact nature of the gels 

formed is still disputed [172, 175, 166]. C-N-A-S-H type gel is assumed to be predominantly formed 

in samples with 5% or higher percentage of GGBFS in the precursor. 

Furthermore, the choice of Na2O percentage also influences the final gel structure. The alkalinity 

in the environment controls the dissolution of silicate and aluminate from FA and the availability 

of calcium from GGBFS [166]. This effect is demonstrated in Fig. 4.5c/i, where samples with 10 

wt% and 12 wt% Na2O concentration exhibit a broader and higher wavenumber shift in the Si-O-

T band, indicating variations in the composition/structure of the hybrid C-N-A-S-H gel [155]. 

Moreover, a higher modulus increases the availability of silica and raises the pH of the activator, 

which, in turn, influences the dissolution of precursors and alters the polymerization process of 

the geopolymer gel [176]. This behaviour is evident in Fig. 4.5c/ii, where the Si-O-T band shifts 

to a broader and higher wavenumber with a larger modulus, implying a higher polymerization of 

the final aluminosilicate gel. 
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Fig. 4.5 FTIR results of (a) wood wool fibres, (b) precursors, and (c) binder gel as a function of Na2O 

concentrations, modulus, and %GGBFS; TGA and DTG results of WWGB samples (primarily composed of the 

binder) as a function of (d) Na2O concentration, (e) Modulus, and (f) %GGBFS. 
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The observed shifts in wavenumber correlate with trends in compressive strength (Fig. 4.2b), 

illustrating a broader and higher shift associated with the increase in Na2O concentration compared 

to variations in modulus and GGBFS content. Additionally, sample B4 manifests a higher peak 

near 1030 cm-1, indicating the present of unreacted FA, correlating with the observed low 

compressive strength. 

All recipes display a similar small peak at 1640 cm-1 (and 3350 cm-1, not presented in Fig. 4.5c), 

which can be attributed to the OH groups [171] originating from chemically bound water in the 

gels. 

Carbonation products are detected in both the raw materials and reaction products. For GGBFS, 

the peak at 1480 cm-1 corresponds to the asymmetric stretching mode of the O-C-O bonds, 

indicating that carbonation had already occurred [177]. The reaction products exhibit peaks at 1465 

cm-1, 1430 cm-1 and 880 cm-1, corresponding to vibrations of O-C-O in carbonates, revealing that 

carbonation took place during the forming and curing process [171, 177]. However, in samples 

with higher GGBFS ratios (10% and 15% GGBFS), an additional band at 1400 cm-1 is observed, 

corresponding to O-C-O vibrations from the additional GGBFS content [166]. 

Fig. 4.5d-f illustrates the thermogravimetric analysis results of the extracted geopolymer binder 

powder obtained from WWGB after the thorough removal of fibres. The initial derivative 

thermogravimetry (DTG) peak is observed in the temperature range of 40 to 200°C, indicating the 

release of physically and chemically bound water present in the geopolymer gel structure [166]. The 

second peak, spanning from 200 to 400°C, corresponds to the decomposition of hemicellulose and 

cellulose derived from the spruce WW [178] that is mixed within the extracted powder. 

Additionally, several DTG peaks are observed between 500 and 700°C, suggesting the presence of 

carbonates [176]. It is worth noting that the variations in mass loss, corresponding to gel 

decomposition, are more pronounced in the WWGB samples with different Na2O concentrations 

compared to adjustments in the silica modulus and GGBFS ratio in the precursor. This observation 

suggests that the Na2O concentration plays a more influential role in the formation of the 

aluminosilicate product, consistent with the observation that the most significant increase in 

mechanical strength is observed with higher Na2O concentration. 

 

4.4.  CONCLUSIONS 

This chapter demonstrates the substitution of OPC with geopolymer in the production of wood 

wool geopolymer boards (WWGB). Here are the key findings and characteristics of WWGB: 

1. WWGB samples with at least 8% Na2O concentration, a modulus of 1.8 or higher, and a 

GGBFS ratio above 5% meet both the prescribed minimum compressive strength (20 kPa) 

and bending strength (1700 kPa) requirements. Mechanical strength is primarily influenced 

by the Na2O concentration, followed by the GGBFS percentage and the modulus, as 

supported by FTIR and TG analyses indicating an increased reaction degree.  

2. The present of natural fibres impacts the optimal value of Na2O concentration and 

modulus for compressive strength. Treated fibres are recommended when applying a 
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higher modulus to avoid hindrance in the geopolymerisation process. Furthermore, 

WWGB made from treated wood wool exhibits higher bending strengths. 

3. Median thermal conductivities of WWGB fall within the range between 70 and 85     

mW·m-1·K-1. WWGB made from treated wood wool demonstrates slightly higher thermal 

conductivities compared to the untreated counterpart, revealing a trade-off associated with 

fibre pre-treatment. 

4. Moisture sorption in WWGB is primarily influenced by the fibre component, with 

untreated WWGB exhibiting slightly higher sorption isotherms. WWGB show low 

moisture sorption and water vapour diffusion resistance. 

5. Bulk densities of WWGB range from 350 to 450 kg·m-3, and open porosities range from 

70% to 80%. These properties are primarily influenced by the Na2O concentration and 

silica modulus, while the GGBFS percentage has minimal impact.  

In conclusion, this chapter underscores geopolymer as a viable alternative to OPC in WWGB 

production, providing insights into manufacturing methods, design parameters and performances.  

Opportunities for improvements include enhancing acoustic performance. Further investigations 

should assess fire resistance and durability, explore alternative natural fibre materials, conduct a 

comprehensive life cycle assessment, and optimize curing, drying, and alkali activators for lower 

embodied carbon. 

 

  



 
 

62 
 

 

  



 
 

63 
 

5. EVALUATING ENVIRONMENTAL IMPACTS OF 

GEOPOLYMER AND STRAW-BASED WOOD WOOL 

CEMENT BOARDS 

 

ABSTRACT 

This chapter assesses the environmental and performance implications of utilizing industrial and 

agricultural by-products as alternative raw materials in the manufacturing of wood wool cement 

boards (WWCB). In this context, geopolymer replaces OPC, and straws replace spruce wood wool. 

Both economic and no allocation methods are applied to these by-products to assess their life cycle 

impacts according to EN 15804+A2. The findings highlight the environmental benefits of 

replacing OPC with geopolymer in terms of global warming potential, although the impact on 

other environmental indicators is less certain. However, substituting straws for wood wool in the 

production of straw geopolymer boards (SGB) results in poor environmental and performance 

outcomes, diminishing its viability as a solution. Notably, the treatment of straws does not 

substantially enhance overall performance and leads to a higher environmental burden. 

Furthermore, the study recommends adopting a consistent by-product allocation method to ensure 

accurate reporting of environmental impacts across different industries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results presented in this chapter are included in the following manuscript: 

C.H. Koh, F. Gauvin, K. Schollbach and H.J.H. Brouwers, "Evaluating environmental impact of  geopolymer and straw-

based wood wool cement boards," under peer review.   
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5.1.  INTRODUCTION 

Wood wool cement boards (WWCB), composed of wood wool fibres bonded with ordinary 

Portland cement (OPC), are widely used for acoustic and thermal insulation in buildings [107, 108]. 

To reduce the high embodied carbon associated with OPC manufacturing, geopolymers have 

emerged as alternative binders, enabling the production of wood wool geopolymer boards 

(WWGB). CHAPTER 4 [179] has demonstrated the feasibility of using geopolymers as a viable 

alternative to OPC in WWGB production, providing insights into manufacturing methods, design 

parameters, and performance. Additionally, straws, by-products of crop production, have been 

identified as potential non-wood fibres for creating straw-geopolymer composites [157, 180, 117, 

165, 122], suggesting the feasibility of replacing commercially produced wood wool in the 

production of straw geopolymer boards (SGB).  

However, there is a research gap in the actual quantification of the environmental benefit and a 

comprehensive life cycle assessment (LCA) on these alternative raw material substitutions. To 

validate the environmental advantages of alternative raw materials, LCA systematically assesses 

various potential environmental impacts. Previous LCA studies on geopolymers [181, 182, 141] 

indicate that alkali activators and heat curing are dominant factors affecting environmental impacts. 

Additionally, the allocation method for industrial and agricultural by-products, including fly ash 

(FA), ground granulated blast furnace slag (GGBFS), and straws, requires detailed consideration. 

FA and GGBFS could be categorized as waste or by-products of industrial processes. According 

to the European Waste Framework Directive [183], both FA and GGBFS are defined as by-

products rather than end-of-waste. This classification is reinforced in the Netherlands, where both 

FA and steel slags are deemed by-products, as outlined in legal opinions [184, 185] and case law 

[186]. Despite these clarifications, technical issues such as allocation methods remain undefined, 

and industry actions further introduce complexity. CEMBUREAU (European Cement 

Association) considers both GGBFS and FA as by-products of steel and electricity production, 

respectively, applying economic allocation, as reflected in their official environmental product 

declaration (EPD) for CEM II and CEM III [187, 188]. Conversely, GCCA (Global Cement and 

Concrete Association) and PCA (Portland Cement Association) recommend no allocation when 

utilizing GGBFS and FA in cement production, considering them as waste from previous life cycles 

[189, 190]. Meanwhile, the World Steel Association [191] advocates the system expansion method 

for GGBFS, or an alternative physical partitioning method proposed by Eurofer (European Steel 

Association) [192], both resulting in higher greenhouse gas (GHG) emissions for BFS compared 

to economic and no allocation methods [192].  

LCA studies [182, 143] reveal similar concerns, where different allocation scenarios significantly 

impact the overall life cycle performance of FA or GGBFS-based geopolymer composite. Applying 

mass allocation to FA or GGBFS may result in more than double the global warming potential 

(GWP) in geopolymer compared to OPC, while economic allocation could yield a similar GWP to 

OPC [182], potentially disincentivizing the replacement of OPC with conventional industrial by-

product. Conversely, applying no allocation methods could lead to under-reporting the overall 

environmental footprint of the products. 
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Wood wools are commercially produced from wood logs harvested from forest plantations, 

typically spruce woods. While wood is considered a renewable biomass resource, the environmental 

impacts from its harvesting must be accounted for, which are closely related to forest management 

and supply chain practices [193, 194, 195]. On the other hand, straws are abundant, sustainable, 

and cost-effective sources of low-embodied carbon raw materials [57]. Agricultural by-products 

such as straws are excluded from the European Waste Framework [183]. This exclusion aligns with 

the European Renewable Energy Directive [196], which classifies straw as agricultural waste and 

residue, primarily promoting renewable biofuels. Proposals for fair allocation between the 

agriculture sector and other industries utilizing agricultural by-products as raw material are 

available, based on mass, energy, or economic values [197]. 

To quantify the raw material and manufacturing requirements for LCA, WWGB production from 

CHAPTER 4 is referenced, while SGB are manufactured following the same WWGB fabrication 

procedure. Two commonly available straw types, wheat and barley straws, are selected for SGB 

production based on their status as the top two grain crops produced in the Netherlands. Both 

straws possess distinct physical properties and chemical compositions, with barley straw having a 

wider and fuller stalk than wheat straw, along with higher wax and lignin contents [198]. However, 

unprocessed straws may require additional treatment, such as alkali treatment, to improve adhesion 

between fibres and binders by decreasing fibre hydrophobicity and roughness [131]. In contrast, 

wood wools are specifically produced into thin flat strains for optimized production of WWCB, 

where additional treatment is not necessary. The influence of fibre selection and treatment, both 

physically and environmentally, requires investigation.  

This chapter aims to investigate the environmental performance of insulation boards using 

alternative raw materials. Straws as alternative fibres for wood wool, and geopolymer as an 

alternative for OPC, are explored as substitutes in WWCB production. To ensure the feasibility of 

these substitutions, SGBs are fabricated, and their physical characteristics are compared against 

WWGB and WWCB. The life cycle assessment from the perspective of material replacement, 

allocation method, and design parameters are investigated and discussed.   

 

5.2.  MATERIAL AND METHODOLOGY 

5.2.1. Material and fabrication 

Wheat and barley straws, obtained locally from Strobouwer, the Netherlands, in bale form, are used 

in this study without further processing. Class F fly ash (FA) and ground granulated blast furnace 

slag (GGBFS) from the Netherlands are also employed. The average particle sizes (d50) of FA and 

GGBFS are determined to be 13.9 µm and 19.3 µm, respectively, using a laser particle size analyzer 

(Mastersizer 2000). Chemical composition analysis of FA and GGBFS is performed via X-ray 

fluorescence spectrometry (XRF) (PANalytical Epsilon 3), with their loss on ignition (LOI) 

determined between 105 to 1000°C, as detailed in Table 4.1 from CHAPTER 4.  
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The alkali activator used in this study comprises sodium silicate solution (27.7% SiO2, 8.4% Na2O 

and 63.9% H2O) and sodium hydroxide (NaOH) pellets. Sodium hydroxide solutions of 0.5M and 

1.0M are prepared for fibre treatment. 

5.2.2. Design parameters and manufacturing methods 

This study refers to the optimized parameters from CHAPTER 4, which include a blend weight 

ratio of 95% FA and 5% GGBFS for the precursor, an alkali activator with a modulus of 1.8 and 

Na2O concentration of 8%, a water-to-dry components ratio of 0.4, and a weight percentage of 

fibres set at 30% of the total dry weight (fibres and dry geopolymer).  

 

Fig. 5.1 SGB and WWGB samples (with their fibre components) manufactured for this study. 

The fibre treatment process involves a 24-hour immersion in a sodium hydroxide solution, 

followed by a rinse with water to remove any residual alkali and impurities. The fibres are then 

dried under ambient conditions. Alkali activators are synthesized in advance by blending a sodium 

silicate solution, sodium hydroxide pellets, and additional water to achieve the desired composition.  
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During the main production process, the fibres are pre-wetted by spraying with water at a ratio of 

0.4 water-to-fibre. The precursor materials and alkali activator solution are then mixed until a 

homogeneous paste is achieved. This geopolymer mixture is applied to the fibres and thoroughly 

mixed to ensure optimal binder coating on the surfaces. The resulting mixture is transferred into a 

mould and compressed overnight. After 24 hours, the compressed board is removed from the 

mould, wrapped in plastic foil, and cured overnight in an oven at 60°C for 24 hours. Following the 

curing process, the plastic is removed, and the board is further dried in an oven at 60°C for another 

12 hours. The board is then removed from the oven, representing the final SGB, and trimmed to 

its final dimensions (300x200x15 mm3).  

This study includes two different Wood Wool Geopolymer Boards (WWGB), one with fibre 

treatment (0.25M NaOH treatment) and one without. For the Straw Geopolymer Boards (SGB), 

six different samples are fabricated, involving two design parameters: straw types (barley and wheat 

straws) and NaOH concentration for fibre treatment (0M, 0.5M, and 1.0M). Fig. 5.1 shows the 

SGB and WWGB samples manufactured for this study. 

5.2.3. Environmental assessment 

In this study, the life cycle assessment (LCA) method conforms to EN 15804+A2 [199], which 

provides standardized product category rules for construction products. Notable amendments 

compared to the previous version, EN 15804+A1 [200], include an expansion of core 

environmental impact indicators from 7 to 13, with further subdivisions such as global warming 

potential and eutrophication. Additionally, it is now obligatory to encompass life cycle stages 

beyond cradle to gate (modules A1-A3), extending to end of life (modules C1-C4) and benefits and 

loads beyond the system boundary (module D) for all construction products, with no exemption 

granted to products containing biogenic carbon. However, in this study, the focus is on 

comparative analysis, assuming similar life cycle profiles for modules C and D for WWCB, WWGB 

and SGB. This includes incineration of discarded boards at the end-of-life cycle and similar benefits 

from energy production through incineration for all. Alternatively, both geopolymer and OPC-

based boards are assumed to be crushed and utilized for different applications at their end-of-life 

stages (C1-4) [201]. Therefore, modules C and D are excluded, with only modules A1-A3 

considered. Fig. 5.2 illustrates the applied system boundary applied for the LCA, encompassing 

raw material supply (A1), transportation (A2), and manufacturing (A3). 

Thirteen core environmental impact indicators and six additional indicators as per EN 15804+A2 

[199] are included in the analysis. Additionally, a single weighted scope (SWS) on these 

characterized indicators is incorporated, calculated following guidelines from [202] 

𝑆𝑊𝑆 =  ∑
𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑧𝑒𝑑 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟𝑠𝑖

𝑁𝐹𝑖
𝑥  𝑊𝐹𝑖

𝑛

𝑖=1

 (5-1) 

where the normalized factors (NF) are based on Environmental Footprint (EF) 3.1 [203], and 

weighting factors (WF) are based on [204]. 

Two life cycle inventory databases are utilized: Ecoinvent 3.8 (Nov 2021) and Agri-footprint 

version 6 (June 2022). Additionally, environmental product declaration (EPD) for FA and GGBFS 
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are referenced. Table 5.1 details the inputs and their corresponding data sources, with LCA 

software SimaPro 9.4 employed for the calculation.  

 

Fig. 5.2 LCA system boundary applied for the life cycle assessment for modules A1-A3. 

Table 5.1 Input to life cycle assessment for modules A1-A3. 

Input Data sources Data unit and descriptions 

Barley straw Agri-footprint 6 1 kg Barley straw at farm {NL} Economic. 

Wheat straw Agri-footprint 6 1 kg Wheat straw at farm {NL} Economic. 

Straw handling Ecoinvent 3.8 1 p Baling {RoW}processing 

Straw handling Ecoinvent 3.8 1 p Bale loading {RoW}processing 

Wood wool Ecoinvent 3.8 1 kg Wood wool {RER} 

Sodium hydroxide Ecoinvent 3.8 1 kg Sodium hydroxide, without water, in 50% solution state {RER} 

Sodium silicate Ecoinvent 3.8 1 kg Sodium silicate, without water, in 37% solution state {RER} 

FA EPD 1 ton fly ash [205] 

(allocation) Ecoinvent 3.8 1 kWh Electricity high voltage {NL}electricity production. hard coal 

GGBFS EPD 1 ton ground granulated blast furnace slag [206] 

(allocation) Ecoinvent 3.8 1 kg Pig iron {RER} pig iron production 

OPC Ecoinvent 3.8 1 kg Cement Portland {Europe without Switzerland} 

Water Ecoinvent 3.8 1 kg Tap water {RER} 

Transport Ecoinvent 3.8 1 tkm Transport freight lorry 16-32 metric ton euro6 {RER} 

Energy Ecoinvent 3.8 1 kWh Electricity low voltage {NL} 

[Geographies classification in databases: NL-Netherlands; RER-Europe; RoW-World;] 

To investigate the impact of the allocation method on life cycle analysis, three allocation scenarios 

are included in the study. Scenario 1 aligns with the European Waste Framework Directive [183], 

considering FA and GGBFS as by-products while treating straws as waste. Scenario 2 considers all 
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FA, GGBFS and straws as by-products, taking part of the environmental burden from their main 

productions, i.e. coal power production to FA, pig iron production to GGBFS, and crops 

harvesting to straws. Scenario 3 considers FA, GGBFS and straws as waste rather than by-products, 

taking no burden from their main productions. 

Module A1 – Raw Material Supply: 

The FA utilized in this study was originally supplied by Vliegasunie B.V., Culemborg, now handled 

by BauMineral GmbH. The EPD for FA from BauMineral GmbH is referenced [205, 207], where 

the system boundary commences after the electrostatic precipitator in the coal power plant, without 

allocation from the main coal power generation. GGBFS is originally sourced from ENCI, 

IJmuiden. In the absence of an EPD from ENCI, the EPD from a similar local supplier, Ecocem, 

Moerdijk, is referenced [206]. The EPD’s system boundary starts from the quenching process and 

the subsequent drying and milling processes, without taking allocation from the blast furnace 

operation for steel production. Assumptions are made to establish the economic allocation 

scenarios for FA and GGBFS. Based on [143], 1 kg of pig iron production is associated with 0.24 

kg of slag as a by-product and 1 kWh of electricity power generation is associated with 0.367 kg of 

coal as a fuel source and 0.052 kg of FA as a by-product. The economic allocation of FA and 

GGBFS is based on [141], with 2.59% from pig iron production and 1% from coal power 

production allocated to slags and FA production. 

Economic allocation for barley and wheat straws is available in the Agri-footprint database, with 

no allocation scenario estimated by calculating the straw handling process. Notably, the Agri-

footprint database does not consider biogenic carbon storage; therefore, the uptake of biogenic 

carbon is approximated using standard EN 16449 [208]. 

Module A2 – Transportation: 

Wheat and barley are cultivated extensively in regions including North Brabant, with 7% and 11% 

of land use per region per crop type [209] respectively. Tree farming and sawmills are also present 

in North Brabant [210, 209]. All fibres (wheat straw, barley straw, and wood wool) are assumed to 

be locally sourced within this region, with an estimated distance of 50 km from the source to the 

production site (Eindhoven). Two coal power plants are operational in the Netherlands, namely 

Maasvlakte and Eemshaven power stations [211]. The FA used is obtained from Vliegasunie, 

Culemborg and processed at their Maasvlakte plant, with minimal additional processing [212]. 

There is only one active blast furnace steel plant in the Netherlands [213], where the raw material 

blast furnace slag (BFS) is obtained. The GGBFS is supplied by HeidelbergCement ENCI, 

Ijmuiden, and the BFS is further processed (dying and milling) into GGBFS. Both materials are 

transported approximately 150 km from their sources. Freight transport category Euro 6 is applied 

[214] in this study. 

Module A3 – Manufacturing: 

Energy consumption (E) required for curing and drying processes is approximated using [182] 

𝐸 =  𝑃𝑜𝑣𝑒𝑛 ∙ 𝑡 + 𝑚 ∙ 𝐶𝑝 ∙ (𝑇 − 𝑇𝑎𝑚𝑏) (5-2) 
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where Poven is the power of the oven, t is the curing or drying time, m is the mass of specimens, Cp 

is the specific heat capacity of specimens, T is the curing or drying temperature, and Tamb is the 

ambient temperature. The first term describes energy used to maintain temperature, and the second 

term describes energy used to heat materials. The first term can be further generalized by assuming 

a steady rate of heat transfer between the oven and the ambient environment: 

𝑃𝑜𝑣𝑒𝑛 =  𝑆𝑜𝑣𝑒𝑛 ∙ 𝜆𝑜𝑣𝑒𝑛 ∙ (𝑇 − 𝑇𝑎𝑚𝑏), (5-3) 

where Soven is the conduction shape factor of the oven, and λoven is the effective thermal conductivity 

of the oven wall [215]. The estimation of energy consumption is based on the lab equipment 

utilized in this study. 

5.2.4. Physical characteristics 

To ascertain the viability of substituting raw materials in WWCB, specifically with SGB, an 

investigation into the physical characteristics of SGB is conducted and subsequently compared with 

those of WWGB. 

The mechanical properties, including compressive and bending strengths, are evaluated using a 

mechanical testing system (Instron 5967) equipped with a 5 kN load cell. Compressive strength at 

10% deformation (σ10) is determined following the procedure outlined in EN 826 [151]. Test 

specimens measuring 50x50x15 mm3 are prepared from the samples. The compression stress at a 

strain of 10% (σ10) is recorded, with the minimum required σ10 at 20 kPa [149] serving as the 

reference for compressive strength evaluation. For the measurement of bending strength, the 

testing method specified in EN 12089 [150] is applied. Samples are cut into dimensions of 

150x125x15 mm3. The maximum force exerted during the bending test is recorded to calculate the 

bending strength (σb), with the minimum required σb value of 1700 kPa [149] considered as the 

reference for bending strength assessment. 

Thermal conductivity (λ) is determined using the transient line source method with a thermal needle 

probe (AP Isomet model 2104). The probe, known for its accuracy of 5% of the reading plus 0.001 

W·m-1·K-1, is employed under standardized conditions, with all samples conditioned at a relative 

humidity of 50 ± 5%. Measurements are conducted at room temperature (20 ± 2°C), with three 

readings taken at different locations on each board to account for potential variation within the 

sample. 

The hygroscopic sorption properties of the samples are determined following standard ISO 12571 

[152]. Sorption isotherms are measured by the saturated salt solutions method, covering specific 

relative humidity levels ranging from 0% to 85%. Moisture uptake is monitored by weighing the 

samples at 24-hour intervals using a digital balance until a constant mass is reached, defined as 

three successive weighings showing a mass loss change of less than 0.1%. 

Microstructure analysis is conducted through an optical microscope (ZEISS Axio Imager 2). 

Particle density is determined using a helium pycnometer (Micromeritics AccuPyc II 1340) with a 

10 cm3 cup is used. The pycnometer has a reading accuracy of 0.03% and an additional 0.03% 
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uncertainty related to the sample capacity. From the measured particle density, the porosity φ (%) 

of the specimen is calculated using Eq. (2-1). 

Chemical composition analysis is performed using Fourier transform-infrared (FT-IR) 

spectroscopy in conjunction with an attenuated total reflection (ATR) attachment (PerkinElmer 

Frontier FT-IR). This technique facilitates the identification and characterization of functional 

groups present in the samples, with spectra collected over a wavenumber range of 4000 to 400 cm-

1 at a resolution of 1 cm-1.  

Thermogravimetric analysis (TGA) is employed to assess mass loss or decomposition events to 

temperature, utilizing a thermogravimetric analyser (TA Instruments TGA Q500). The heating 

process, starting from room temperature and continuing up to 1000°C at a rate of 10°C·min-1, is 

conducted under a controlled nitrogen atmosphere with a constant flow rate of 60 ml·min-1. 

 

5.3.  RESULTS AND DISCUSSION 

5.3.1. Physical characteristics 

The primary interconnecting structures within the composites are formed by the aluminosilicate 

hydration products of the geopolymer. Compared to WWGB samples, the geopolymer gels do not 

adhere as effectively to the surface of the straws in SGB samples. SGB samples made with 

untreated straws, both Sw0 and Sb0, display the weakest binder-to-straw adhesion, with partially 

coated straws detaching from the board during handling. For treated straws, the geopolymer binder 

exhibits improved coverage, but small areas of exposed straws can still be observed on all SGB 

samples, as depicted in Fig. 5.3 for Sw1 and Sb1.   

 

Fig. 5.3 Geopolymer binder and exposed surface of straw fibres for sample Sw1 and Sb1. 

Fig. 5.4a illustrates the bending strength of the samples. It is evident that all SGB samples, 

irrespective of fibre treatment, exhibit lower strength than WWGB and do not meet the minimum 

bending strength requirement specified in EN 13168 for a 15mm thick board (1.7 MPa) [149]. 

Overall, wheat-based SGB demonstrates better bending strength compared to barley-based SGB. 
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SGB samples incorporating treated straws demonstrate higher bending strengths due to the 

removal of non-cellulose components and the presence of mercerised cellulose structures, which 

enhance adhesion with the geopolymer gels [157, 131]. However, the bending strength for Sw2 is 

lower than Sw1, indicating the dissolution of core cellulose structure within wheat straws under 

higher NaOH concentrations. Additionally, the structural cellulose of treated straws may undergo 

further alkaline hydrolysis during the geopolymerisation process, further weakening the cellulose 

structure. Conversely, the bending strength for Sb2 is slightly higher than Sb1, suggesting that 

barley straws remain more intact. This observation aligns with the higher lignin and wax-to-

cellulose ratio for barley straws [198]. Higher alkali concentration is therefore necessary to 

significantly affect the structural cellulose.  

 

Fig. 5.4 (a) bending strength, (b) compressive strength, (c) thermal conductivity, (d) sorption isotherms, (e) bulk 

density, and (f) porosity of SGB and WWGB samples. 

The compressive strength is mainly derived from the formation of aluminosilicate hydration 

products providing interconnecting strength within the composites, as discussed in CHAPTER 4 

[179]. SGB exhibits lower compressive stresses at 10% strain (σ10) than WWGB, as shown in Fig. 

5.4b. However, all samples meet the minimum requirement specified in EN 13168 (0.02 MPa) 

[149] for handling purposes. Sb2 exhibits better compressive strength compared to Sw2, indicating 

a higher degree of fibrillation on treated barley straw compared to wheat straw, providing additional 

interfacial bonding between the fibres and geopolymer gels. However, this high degree of 

fibrillation compromises bending strength. 

Fig. 5.4c shows the thermal conductivity of the samples. Overall, barley-based SGB has slightly 

lower thermal conductivities than wheat-based SGB, attributed to the different microstructures of 
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their fibres. Barley straw has larger pores and thicker wall structures [198], which could lower the 

overall thermal conductivity of their composite. An increasing trend is observed when treated fibres 

are utilized, indicating a denser structure encouraging heat transfer. SGB has slightly higher thermal 

conductivity than WWGB, possibly due to thicker geopolymer binder forming in cluster areas on 

straws compared to a more homogeneous layer on wood wool. 

Fig. 5.4d shows the sorption isotherms of SGB and WWGB samples. Overall, sorption for both 

SGB and WWGB decreases when treated fibres are utilized, attributed to the alkali treatment 

degrading the cell wall material and reducing the number of hydroxyl groups accessible to water, 

resulting in increased hydrophobicity [131, 148]. Barley-based SGB exhibits a higher sorption 

capacity, followed by wheat-based SGB and then WWGB, correlated with the existence of 

macropores in barley straw [198] compared to wheat straws and wood wool.  

The bulk density and porosity of SGB and WWGB are shown in Fig. 5.4e and 5.4f. Generally, 

SGB made with treated straws have higher bulk densities than those made of untreated straws, 

confirming a higher amount of geopolymer binder bonded to the treated fibres. Wheat-based SGB 

has slightly higher densities than barley-based SGB but lower compressive strength, indicating 

uneven distribution and adherence of aluminosilicate products to wheat-based SGB, agglomerating 

in the composite. It can be seen that Sb2 has a higher bulk density but lower porosity than Sb1, 

similarly between Sw2 and Sw1, indicating that at a more widely distributed gel formation on the 

straws treated with 1.0M NaOH compared to 0.5M NaOH. Conversely, WWGB has lower bulk 

densities than SGB but significantly higher compressive strength, indicating a lower gel-to-fibre 

ratio, with a thin layer but interconnected gel network formed in the composite, providing 

necessary strength at lower bulk density. 

 

Fig. 5.5 (a) FTIR and (b) TGA of barley and wheat straw samples used in this study. 

The effect of alkali treatment on straws is further verified using FTIR and TGA, presented in Fig. 

5.5. Similar to the previous study on wood wool alkali treatment [179], both 0.5M and 1.0M NaOH 

treatment of straws leads to delignification, resulting in the reduction of characteristic peaks 
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associated with lignin vibrations at 1250 cm-1, C-O ester vibrations peak at 1025 cm-1 [168], and 

aromatic skeletal vibration at 1510 cm-1 [169]. Additionally, a significant reduction in peak intensity 

at 3300cm-1 associated with the OH group [170] suggests disruption of intermolecular hydrogen 

bonding in cellulose or a decrease in free water content within the treated fibres. The 

thermogravimetric analysis confirms the delignification of the straws, with untreated straws 

exhibiting the highest mass loss followed by treated straws, indicating a higher degree of 

delignification with higher NaOH concentration. The main peak, spanning from 200 to 400°C, 

corresponds to the decomposition of hemicellulose and cellulose [178], and the lignin components 

pyrolyzed in the range of 225 and 450°C [54]. 

Overall, SGB performs poorly compared to WWGB, even when alkali-treated straws are utilized 

to improve adhesion with the geopolymer gels. Therefore, utilizing alternative non-wood fibres 

such as straws, as a substitute for wood wool, reveals disadvantages in overall performance, making 

it a less attractive solution. 

5.3.2. Environmental assessment 

Fig. 5.6 presents the cradle-to-gate environmental impact indicators, as per EN 15804+A2, for 

straw geopolymer board (SGB) and wood wool geopolymer board (WWGB), in comparison to 

wood wool cement board (WWCB). Both wheat-based SGB and barley-based SGB exhibit similar 

impact profiles, with only wheat-based SGB (Sw0, Sw1, and Sw2) shown for clarity. Under 

allocation scenario 3, which considers straws, FA, and GGBFS as waste rather than by-products, 

the lowest impacts are generally observed. Conversely, allocation scenario 2, where FA, GGBFS 

and straws are treated as by-products, has the highest impact due to taking on part of the 

environmental burden from their main productions. Surprisingly, under all allocation scenarios, 

both SGB and WWGB demonstrate higher environmental impacts across more than half of the 19 

impact categories compared to WWCB. Under a no-allocation scenario, 10 and 12 impact 

indicators are higher for Sw0 and W0, respectively, increasing to 14 under a full-allocation scenario. 

Using the single weighted score based on the Environmental Footprint (EF-SWS) method, only 

Sw0 under a no-allocation scenario demonstrates a lower score than WWCB. Sw2 under a full-

allocation scenario emerges as the worst case, with 16 out of 19 indicators showing higher impacts 

than WWCB, with EF-SWS as high as 181% compared to WWCB under a full-allocation scenario, 

strongly suggesting overall adverse environmental impacts from fibre alkali treatment. 

Fig. 5.7 details the percentage contribution from different components (fibres, binders, treatment, 

transport, manufacturing, allocation). Generally, binders, both OPC and geopolymer, dominate 

most indicators, followed by the manufacturing process, primarily heat curing and drying in the 

oven. This emphasizes that while substituting OPC with geopolymer can reduce embodied carbon 

in module A1 (raw material), the need for heat curing in FA-based geopolymer increases impacts 

in module A3 (manufacturing). Alkali treatment on fibre is another major contributor, commonly 

used to modify fibre properties, especially when employing agricultural waste or by-products as 

alternative raw materials for building materials. Transportation is minimal in general as all materials 

are assumed to be locally sourced in the Netherlands, but it could become a dominant factor if raw 

materials are not locally produced. 
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Fig. 5.8 Global warming potential fossil fuel (GWP-fossil) and global warming potential total (GWP-total) for 

Sw2, W0 and WWCB under allocation 2 scenario, showing contributions from different materials and processes. 

Specifically, substituting OPC with geopolymer as a binder significantly reduces GWP from fossil 

fuel (GWP-fossil) by avoiding the energy-intensive production of OPC. Replacing wood wool with 

straws reduces GWP from land use (GWP-luluc) and water use (SQP) by avoiding timber 

harvesting for wood wool production. 

Treating FA and GGBFS as by-products leads to significantly increased impact categories such as 

climate change, eutrophication, and human toxicity. Similarly, higher impact indicators can also be 

seen when straws are treated as by-products. The influence of treating these materials as waste or 

by-products is summarized in Table 5.2, aligning with calculations from [141]. Based on EF-SWS, 

there is a 6-fold increase in FA, and an 8-fold increase in GGBFS for the weighted average of all 

impact categories, when environmental burdens from coal power and pig iron productions are 

allocated. Similarly, a substantial 30-fold and 35-fold increase in wheat and barley straws occurs 

respectively when the burden from crop production is allocated to them. 

Fig. 5.8 further details the contribution of different components to indicator GWP-fossil. 

Geopolymer binder reduces overall emissions under all allocation scenarios, but the need for heat 

curing on FA-based geopolymer diminishes this reduction. Under allocation scenario 2 (all 

economic allocation), there is a total reduction of 27% in GWP-fossil from WWCB to W0 and a 

reduction of 21% from WWCB to Sw0. If following the current practice where FA and GGBFS 

are considered as by-products but straws as waste (allocation scenario 1), a total reduction of 29% 

in GWP-fossil for Sw0 is accounted for. Allocation scenario 3, considering FA, GGBFS, and straws 

as waste, results in a total reduction of 42% for W0 and 44% for Sw0 from WWCB. However, in 

the context of the Netherlands, where FA and GGBFS are treated as by-products, allocation 

scenario 3 may under-account. Notably, GGBFS allocation based on physical and chemical 

partitioning by the steel industry is higher than the allocation by economic value applied in this 

study [192]. Since the same fibre mass is used in the design of SGB and WWGB, no significant 

difference is expected in the biogenic carbon stored in these boards, which will be released into the 
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atmosphere at the end of their life cycle, accounting for module C1-C4 which are not included in 

this study. 

Fig. 5.9 shows the percentage change in GWP-fossil under different parameters, using sample Sw2 

under allocation scenario 1 as the benchmark. Overall, for every 1% increase in Na2O 

concentration and 0.1 increase in SiO2-to-Na2O modulus of the alkali activator, an increase of 2.5% 

and 0.7% occurs respectively. Conversely, increasing the percentage of GGBFS in FA-based 

geopolymer precursor does not significantly affect GWP. However, the local availability of FA and 

GGBFS plays a significant role in transportation emissions. An increase of 1 tkm between the raw 

material supplier and end production facility leads to a 0.5% increase in GWP. With the phasing 

out of blast furnace facilities and coal power plants, the local availability of FA and GGBFS may 

diminish, rendering their use as precursors impractical and resulting in higher GWP. Similarly, the 

local availability of fibre sources is crucial. While both straws and wood wool are assumed to be 

equidistant in this study, local availability should be a primary consideration when seeking 

substitutions. Additionally, treatments such as alkali treatment applied to straws in this study 

significantly reduce the environmental benefits of using agricultural waste as alternative fibres. An 

increase of up to 1.3% is expected for every additional 0.1M NaOH concentration. However, the 

recovery and recycling of waste alkali solutions after fibre treatment, which may reduce their 

environmental impacts, are not considered in this study. Curing temperature and duration 

significantly influence GWP, with each increment of 1°C and 1 hour resulting in a 1.0% and 1.3% 

increment in GWP, respectively. Therefore, optimal curing temperature and time, including drying 

requirements, should be carefully considered with both technical and environmental factors in 

mind.  

 

Fig. 5.9 Change in GWP-fossil against change in design parameters used in this study, based on sample Sw2 

under allocation scenario 1.   
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5.4.  CONCLUSIONS 

This chapter explores the use of industrial and agricultural by-products as alternative raw materials 

in the production of insulation boards, specifically straw geopolymer boards (SGB). Here, straws 

serve as alternative fibres for wood wool, and geopolymer functions as a substitute for OPC. 

The environmental impact indicators, as per EN 15804+A2, are assessed for SGB and compared 

to wood wool geopolymer board (WWGB) and wood wool cement board (WWCB). The focus of 

the investigation is on the implications of allocation methods for the raw materials, namely FA, 

GGBFS, and straws. These materials are either treated as by-products, sharing part of the 

environmental burden from their main productions, or as waste, thus not accounting for any 

burden from their main productions. Treating FA and GGBFS as by-products results in 

significantly increased impact categories such as climate change, eutrophication, and human 

toxicity. A similar increase in impact indicators is observed when straws are treated as by-products. 

Both SGB and WWGB exhibit higher environmental impacts across more than half of the 19 

impact categories compared to WWCB. Binders (precursor and alkali activator) dominate most 

indicators, followed by heat curing and drying in the oven. This highlights the trade-off between 

embodied carbon reduction in module A1 (raw material) and heat curing in FA-based geopolymer 

in module A3 (manufacturing). Alkali treatment on fibre is another major contributor, especially 

when characteristic improvement is required for fibre substitution. Transportation plays a minimal 

role; however, it could become a dominant factor if raw materials are not locally produced. 

When considering only global warming potential (GWP), substituting OPC with geopolymer 

binder reduces overall emissions under all allocation scenarios. However, substituting wood wool 

with straws does not provide additional environmental benefits, especially when fibre treatment 

and economic allocation scenarios are applied. 

In terms of physical performance, SGB performs poorly overall compared to WWGB. Lower 

mechanical strengths are observed even when alkali-treated straws are utilized. Exposed straws are 

visible on SGB samples, indicating uneven distribution and adherence of aluminosilicate products 

to the straws. While alkali treatment of straws leads to delignification and improved adhesion with 

the geopolymer gels, the strength improvement is not sufficient before high NaOH concentration 

destroys the core cellulose structure of the straws, subsequently impacting its bending strength. 

This chapter indicates the environmental benefits of substituting OPC with geopolymer in terms 

of global warming potential. However, it is less obvious when considering other impact indicators. 

Utilizing straws as a substitute for wood wool reveals disadvantages in overall performance, making 

it less attractive as a solution. The substitution of wood with other alternative non-wood fibres is 

challenging and does not guarantee better sustainability. For life cycle assessment, a consistent 

allocation method for by-products is strongly recommended to avoid over or under-reporting 

environmental impacts across different industries.  
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6. AEROGEL COMPOSITE FOR CAVITY WALL 

REHABILITATION IN THE NETHERLANDS: THERMAL 

AND HYGRIC CHARACTERISTICS AND ITS 

HYGROTHERMAL PERFORMANCE 

 

ABSTRACT 

Energy retrofitting of existing building stocks is essential to reduce building-related energy 

consumption. Cavity wall insulations are commonly applied, however, their hygrothermal 

performance is not well established. This chapter focuses on the hygrothermal performance of 

rehabilitated cavity walls in the Netherlands. A state-of-the-art aerogel composite developed for 

cavity wall retrofitting using the blown-in method is presented. The aerogel composite has a dry 

thermal conductivity of 22.5 mW·m-1·K-1 and low sorption isotherms. A retrofitted masonry wall 

with a 6 cm cavity using the aerogel composite can achieve thermal transmittance (U-value) of 0.32 

W·m-2·K-1, well below the 0.71 W·m-2·K-1 required in the Netherlands. It can reduce the annual 

heating and cooling demand by up to 72% in a simulated building, and also provides better thermal 

comfort to the occupants, lowering the percentage of thermally dissatisfied occupants from 51% 

to 18%. The tested aerogel composite outperforms conventional insulation materials in the market, 

without sacrificing the thermal comfort of its occupants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results presented in this chapter are published in the following article: 

C.H. Koh, K. Schollbach, F. Gauvin, and H.J.H. Brouwers, "Aerogel composite for cavity wall rehabilitation in the 

Netherlands: Material characterization and thermal comfort assessment," Building and Environment 224, 109535 

(2022).  
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6.1.  INTRODUCTION 

In 2020, energy consumption related to buildings in the services and households sectors accounted 

for 37% of the total energy consumption in the Netherlands, with the majority being used for space 

heating [8]. To curb greenhouse gas (GHG) emissions, the Dutch government has pledged to bring 

CO2 emissions in the building sector down to net zero by 2050 [216]. Achieving this goal 

necessitates the energy retrofitting of existing building stocks. 

Prior to the 1920s, Dutch residential buildings were predominantly constructed with single brick 

walls, which often necessitate an expensive rehabilitation strategy [9]. However, from the mid-

1920s onwards, houses built with cavity walls started to emerge in the Netherlands. By the late 

1970s, thermal insulation requirements were introduced for new buildings, leading to wider cavity 

walls filled with better insulation material instead of air. Buildings with cavity walls, constructed 

between the 1920s and 1970s, can be insulated without requiring extensive renovation. These 

buildings account for approximately 40% of the total housing stock, equivalent to more than 3 

million homes in the Netherlands, and offer a significant potential for attainable CO2 emission 

reduction. In 2020 alone, over a million energy-saving measures were implemented in existing 

housings in the Netherlands, with cavity wall insulation being one of the most common [8], and 

more than 3 million m2 of cavity filling was carried out by certified contractors [11]. 

A typical cavity-filling procedure involves drilling holes in the outside façade and blowing the 

insulation material into the cavity through these holes. The holes are then grouted at the end of the 

filling [217]. In the Netherlands, the most commonly used blown-in insulation materials for cavity 

walls are glass wool, stone wool, and expanded polystyrene (EPS) beads, followed by polyurethane 

(PU) foam, urea-formaldehyde (UF) foam, and silicone-treated perlite. A brick wall with a 6 cm air 

cavity without any insulation material has a thermal transmittance (U-value) of around 2.50 W·m-

2·K-1, which can be reduced to 0.59 W·m-2·K-1 once new insulation material is filled in [217]. This 

improved U-value meets the maximum U-value of 0.71 W·m-2·K-1 prescribed for wall renovation 

in an existing building [218]. 

To further enhance the U-value of retrofitted cavity walls using the blown-in insulation method, 

for instance, to reach the 0.21 W·m-2·K-1 required for a new building [219], an innovative, high-

performance insulation product is crucial. Superinsulation materials, with thermal conductivity 

values below 20 mW·m-1·K-1, are often employed, particularly silica aerogel composites due to their 

low thermal conductivity, which can reach 12 mW·m-1·K-1 in their monolithic form, 15 mW·m-

1·K-1 for an aerogel blanket, and 18 mW·m-1·K-1 in the granulate form [220]. 

Currently, aerogel particles in the granulate form are commercialized as insulating cavity wall infill. 

An example of retrofitting is a detached house in Biel, Switzerland, where aerogel granulate was 

blown into the cavity walls with a 90 mm air gap, improving their U-value from 1.10 to 0.18       

W·m-2·K-1 [12]. Other forms of blown-in aerogel insulation are under investigation. An aerogel 

product ‘Spacefill’ was tested during the EFFESUS project [221], which is based on polyester fibre 

impregnated with aerogel, similar to an aerogel blanket. The composite was cut into 5 mm cubes 

and achieved thermal conductivity in the range of 18 to 25 mW·m-1·K-1 under both laboratory and 

mock-up testing [222, 223]. Another state-of-the-art aerogel composite ‘Airofill’ has been 

developed for cavity wall retrofitting using the blown-in method. This product contains silica 
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aerogel granulates, which are bound together with a propriety binder in a slurry form. Once the 

composite is blown into the cavity wall, it solidifies, dries up, and forms a continuous foam block 

inside. Other sprayable aerogel composites that can be used for cavity wall retrofitting offer thermal 

conductivity in the range of 20 to 27 mW·m-1·K-1 [224, 225]. 

The original air gap in a cavity wall is designed to regulate moisture transport and drain water in 

the cavity through air ventilation. Therefore, there is a concern that a filled cavity may lead to 

inferior hygrothermal performance, subsequently impacting the thermal comfort of its occupants. 

To address this concern, it is crucial to study the performance of blown-in insulation in a cavity 

wall under different environmental conditions. However, there is a gap in the literature related to 

hygrothermal performance after cavity wall rehabilitation, either using conventional blown-in 

insulation material or aerogel composite. The thermal conductivity of loose-fill blown-in stone 

wool, glass wool, and cellulose can be compromised under humid conditions [226]; but there are 

some indications that aerogel composites (blanket [227, 228, 229, 230, 231] and render [232]) work 

well to protect the wall and alleviate moisture risk owing to the hydrophobic nature of its main 

component, silica aerogel. Case studies using aerogel composites (in the form of blankets and 

boards) for refurbishments for heritage buildings suggest an improvement in comfort level inside 

the buildings [12]. Studies also found that applying aerogel-based render on exterior walls can 

prevent condensation risk in existing buildings [233, 234], however, the hygrothermal risk is 

predicted to increase in colder climates [234]. 

The hygrothermal performance of rehabilitated cavity walls has not been widely studied, and more 

investigations are required to examine the efficiency and their impacts on occupant thermal 

comfort conditions under a retrofitted building. This comparative study aimed to verify the 

performance of commercially available and state-of-the-art aerogel composite using the blown-in 

installation method. The thermal and hygric characteristics of the aerogel composite are examined 

and used to simulate the hygrothermal performance under a cavity wall construction and a typical 

Dutch climate, and conventional insulation materials are included for comparison purposes. 

Occupant thermal comfort conditions are further included to study the ergonomics of the thermal 

environment of a reference building using a simulation tool. 

 

6.2.  MATERIAL AND METHODOLOGY 

6.2.1. Material 

The Airofill, henceforth referred to as the ‘aerogel composite,’ is the chosen material for blown-in 

insulation in cavity wall retrofitting. The aerogel composite was made by and supplied by 

Takkenkamp, Zelhem. The sample in foam block form is shown in Fig. 6.1a, which is mainly made 

up of hydrophobic silica aerogel granulates which are bound together with a proprietary organic 

binder and other additives for rheology modification and durability improvement. The composite 

is pre-mixed and kept in a slurry form in a tank prior to site operation. By using a blowing machine, 

the composite is blown into the cavity wall via an injection nozzle, and subsequently solidifies and 

dries up within the wall under an ambient environment to form a continuous brittle foam block 

inside. It is important to note that the binder plays a crucial role in binding the aerogel granulates 



 
 

84 

 

during and after the retrofitting process. This is to prevent the aerogel granulates from dispersing 

into the surroundings (via leakage), which could potentially pose a health hazard to the occupants. 

 

Fig. 6.1 Sample of the aerogel composite in (a) block form and (b) fragments. 

6.2.2. Characteristics assessment 

The sorption isotherm of the aerogel composite is determined using the gravimetric sorption 

technique through dynamic vapour sorption (DSV) (Surface Measurement Systems DVS 

Resolution). The DVS apparatus has a declared accuracy of 0.5% (relative humidity reading) and a 

balance noise of less than 0.3 µg. Three sets of fragmented samples, each weighing 12-15 mg, are 

prepared. Initially, the samples are dried in an oven at 70°C until a constant mass is achieved to 

determine their dry weight (mdry). The moisture content (w) of the specimen is then measured using 

the DVS apparatus, ranging from 0% to 95% relative humidity RH for the sorption curve, and 

from 95% back to 0% RH for the desorption curve, all at a constant temperature of 20°C. The 

specimen is deemed to have reached its constant mass once the rate of mass change (dw/dt in 

%kg·kg-1·min-1) is equal to or less than 0.01. The equilibrium moisture content (w in %kg·kg-1) is 

plotted against RH (%) for both sorption and desorption curves, with the median result being 

considered. 

Free water saturation (wsat) is approximated by conditioning the specimen at 100% RH. This is 

achieved by fully immersing the specimen in water for 7 days at room temperature, an 

approximation method based on ASTM C1498-01 note 3 [41]. The surface of the samples is then 

lightly blotted with a damp sponge to remove excess water, and their weight is measured. Three 

sets of samples, each measuring 40x40x35 mm3, are prepared, and the median result is taken to 

remove any outliers. 

The water vapour diffusion resistance factor (μ) is measured using both the wet cup (distilled water) 

method and the dry cup (desiccant) method, as per the ASTM E96 standard [42]. The cups are 

filled with anhydrous calcium chloride (CaCl2) for the dry cup method and distilled water for the 

wet cup method. Specimens with a thickness (dµ in m) are attached to the cups with a specific 

exposed area (Aµ in m2) and the edges are sealed with aluminium tapes to prevent vapour passage 

at the edge of the specimen. The test cups are kept in a climatized room at 60% RH and 20°C. The 

change of mass (Δm in kg) over successive time intervals (Δt in s) is determined by weighing the 
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cups to obtain the density of water vapour transmission rate (g in kg·m-2·s-1) using Eq. (2-2). The 

measurement is deemed complete when five successive values of g vary within ± 5%. The 

dimensionless value of µ is then calculated using Eq. (2-3). For each cup, a set of 40x40x35 mm3 

samples is prepared. 

The total porosity of the specimen, encompassing both open and closed pores, is calculated from 

their particle density (ρparticle in kg·m-3) and bulk density (ρbulk in kg·m-3) using Eq. (2-1). A helium 

pycnometer (Micromeritics AccuPyc II 1340) with a 10 cm3 cup is employed to measure their ρparticle. 

The steady-state thermal transmission test method is used to measure the thermal conductivity (λ 

in W·m-1·K-1) using a heat flow meter (Thermtest HFM-25), which has a declared accuracy of 3% 

of the reading. The specimen is placed between a pair of heating-cooling isothermal plate 

assemblies, with an upper-temperature setpoint at 30°C and a lower setpoint at 10°C, reaching an 

equilibrium mean temperature of 20°C for the specimen. The steady-state heat flux generated due 

to the temperature difference between the heating-cooling plates is used to measure the thermal 

resistance and calculate the thermal conductivity. Three sets of 40x40x20 mm3 samples are 

prepared and conditioned separately under three RH (0%, 58% and 75%) for their λ values. The 

samples are dried at 70°C in an oven (Memmert universal oven UF260) to reach near 0% RH and 

conditioned in a desiccator under aqueous solutions [41] for 58% RH (sodium bromide NaBr) and 

75% RH (sodium chloride NaCl), all until a constant mass is achieved. The samples are protected 

using low vapour permeability plastic wrap before and during the λ measurements to maintain their 

moisture content. The average measurement time for each specimen is around one hour, potentially 

causing redistribution of the moisture in the sample, and resulting in an additional error in the 

measurement results. This limitation, however, is disregarded here, and the moisture content is 

assumed to be constant throughout the specimen. In this study, the temperature dependence of 

the thermal conductivity is omitted and assumed to be constant within the simulated temperature 

range.    

For specific heat capacity (Cp in J·kg-1·°C-1), differential scanning calorimetry (TA Instruments DSC 

Q2000) is used at temperatures ranging from -20°C to 50°C at a heating/cooling ramp of 10 

°C·min-1 in a nitrogen atmosphere with a flow of 50 ml·min-1. Three heat-cool cycles are run for 

the sample, and the Cp value at 20°C from the third heat cycle is taken for the subsequent 

hygrothermal study. A 3 mg sample of crushed material is prepared. 

A thermogravimetric analyzer (Netzsch Instruments STA F1 Jupiter Analyzer) is further used to 

investigate the thermal stability of samples from 40°C up to 800°C at a heating rate of 10        

°C·min-1 in a nitrogen atmosphere with a flow of 20 ml·min-1 by observing their mass change due 

to thermal degradation. 

6.2.3. Hygrothermal performances assessment 

Simulations of heat, air and moisture transport (HAM) are conducted on masonry wall assemblies 

with a cavity thickness of 6 cm, exposed to identical climates. The annual moisture content of the 

insulation materials is analysed. A building featuring masonry cavity walls is further modelled to 

simulate the indoor climate, evaluating occupant comfort. 



 
 

86 

 

The HAM simulations involve solving one-dimensional non-steady heat and moisture transport 

processes using coupled differential equations. This is achieved using WUFI Pro software [19]. The 

heat transport and moisture transport are represented by Eqs. (1-1) and (1-2), respectively. 

The assembly wall design in this study is based on the common exterior wall found in older 

buildings in the Netherlands, specifically, a masonry wall with a 6 cm thick air cavity, as depicted 

in Fig. 6.2a-b. Glass wool, stone wool and PU foam are included in the HAM study as reference 

materials. For the masonry wall, solid bricks of 10 cm thickness are applied on both exterior and 

interior sides. The properties of the referenced insulation materials and the masonry are listed in 

Table A.3 and Fig. A.4 (see Appendix A). The original cavity wall, without insulation, is modelled 

with an arbitrary air change rate of 10 h-1 (between the 5 and 20 h-1 used in [46]) in its cavity. 

Eindhoven in the Netherlands is chosen as the location for the hygrothermal analysis. Table B.5 

(see Appendix B) presents the annual weather summary, while Fig. B.2 (see Appendix B) displays 

the annual air temperature and relative humidity profile [235]. The Netherlands experiences a 

temperate oceanic climate, classified as Cfb type according to the Köppen climate classification. 

For all hygrothermal simulations, the wall faces the main driving rain direction (southwestern). The 

interior climate is set as per EN 13788 to humidity class 3, which represents a building with 

unknown occupancy [48], and a constant air temperature of 20°C. The simulation is run for ten 

years or until a hygrothermal equilibrium is achieved. The boundary and initial conditions are 

summarized in Table B.6 (see Appendix B). 

 

Fig. 6.2 (a) Simulated masonry cavity wall without and (b) with insulation material, and (c) building model for 

simulation. 

6.2.4. Indoor climate and occupant comfort assessment 

The indoor climate and comfort conditions within a reference building, characterized by masonry 

cavity walls, are examined in detail using the WUFI Plus software. This examination involves 

calculating the balance of heat and moisture transfers within the room [21]. The heat balance and 

moisture balance are represented by Eqs. (1-3) and (1-4), respectively. 
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A model of terraced housing, a common architectural style in the Netherlands [236], is constructed 

for this study. For simplicity, the model comprises only three small housing units (as shown in Fig. 

6.2c), with the simulation results from the corner unit selected for analysis. Each housing unit in 

the model measures 5 m  x 8 m  x 2.8 m (W x D x H) per floor, with a heated floor area of 80 m2 

and an unheated attic. The simulation includes five different cases of masonry walls with a 6 cm 

cavity, i.e. four different insulation materials (aerogel composite, glass wool, stone wool, PU foam) 

and the original construction without insulation material. Other significant building components 

modelled include a ground floor assembly with a U-value of 0.0956 W·m-2·K-1, a roof assembly 

with a U-value of 0.0867 W·m-2·K-1, and glazing with a U-value of 0.8 W·m-2·K-1. 

The indoor environment parameters are set according to standard EN 16798-1 [237] to achieve a 

medium level of indoor environmental quality category II (IEQII), which corresponds to a normal 

level of expectations for occupants. The model includes a heating and cooling system to maintain 

an indoor temperature between 20°C and 26°C, and a constant air volume mechanical ventilation 

system to provide a steady airflow of 7 l·s-1 per person. The indoor heat and moisture loads are 

based on the software’s predefined four-person family household occupancy. No mechanical 

humidification and dehumidification are included to limit the indoor RH level in this study. For 

simplicity, natural ventilation is not considered as a factor regulating the indoor environment. The 

simulation is run for ten years, and the indoor temperature and RH are extracted for analysis. Two 

thermal comfort indices, as defined by ISO 7730 [238], are assessed: the predicted mean vote 

(PMV) index, which is based on a seven-point thermal sensation scale of an occupant, ranging 

from cold (-3) and hot (+3); and the predicted percentage dissatisfied (PPD) index, which predicts 

the percentage of thermally dissatisfied occupants, with values ranging from 0% (thermally 

satisfied) to 100% (dissatisfied). The boundary and initial conditions are summarized in Table B.7 

(see Appendix B).  

 

6.3.  RESULTS AND DISCUSSION 

6.3.1. Characteristics assessment 

The aerogel composite has a bulk density of 88.6 kg·m-3 and a porosity of 93.4% (Table 6.1) in dry 

conditions. The specimen maintains its form under room temperature, however, is brittle and can 

easily be broken into pieces by hand (Fig. 6.1b). Despite this, its mechanical strength is not a 

concern as it is safeguarded within the cavity walls in its actual application. 

The aerogel composite demonstrates low water vapour sorption properties, up to 95% RH. Fig. 

6.3 depicts the sorption isotherm of the aerogel composite and the duration for the specimen to 

reach mass equilibrium (dw/dt=0.01%kg·kg-1·min-1) under the targeted RH. The equilibrium 

moisture content during the desorption process is marginally higher than the adsorption process, 

with no significant variation observed between the two curves. In a full immersion test, the aerogel 

composite can absorb more than four times its weight of water (Table 6.1). The presence of 

binders and other additives renders the aerogel composite less hydrophobic compared to pure silica 

aerogel. However, this water absorption is not problematic as the composite is shielded within the 
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cavity wall on both sides, thereby avoiding direct water exposure. The specimen exhibits a low 

water vapour resistance factor of 3 under both wet and dry cup methods (Table 6.1). 

Table 6.1 Density, Porosity, Water Vapour Resistance Factor µ and Free Water Saturation for the aerogel 

composite. 

 Aerogel Composite 

Bulk density ρbulk, dried (kg·m-3) 88.6 

Particle density ρpartocle (kg·m-3) 1340.7 

Porosity (%) 93.4 

Water vapour resistance factor µ  

- “Dry cup” condition (-) 3.4 

- “Wet cup” condition (-) 3.4 

Free water saturation wsat (%) 428 

The aerogel composite possesses a specific heat capacity (cp) of 1273 J·kg-1·°C-1 as illustrated in 

Fig. 6.4. This elevated heat capacity is primarily attributed to its organic binder component. The 

specimen exhibits a dry thermal conductivity of 22.5 ± 0.7 mW·m-1·K-1 (Fig. 6.5) at room 

temperature, which is 7% higher than its primary silica aerogel granulates component at 21.1 ± 0.6 

mW·m-1·K-1. At higher RH levels, the thermal conductivities rise to 22.9 ± 0.7 mW·m-1·K-1 at 59% 

RH and 23.1 ± 0.7 mW·m-1·K-1 at 75% RH. Fig. 6.5 summarizes the moisture-dependent thermal 

conductivity, indicating a minor increase in thermal conductivity with higher RH. However, this 

trend is insignificant and falls within the measurement uncertainties. It is worth noting that only 

three data points were measured, yet a simple linear fitting is included in this study as input for 

subsequent hygrothermal simulation.  

 

Fig. 6.3 (a) Sorption-desorption curves with moisture content plotted against RH and (b) time to reach mass 

equilibrium under dw/dt=0.01 for the aerogel composite. 
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Fig. 6.4 Specific heat capacity against temperature for the aerogel composite. Cp value at 20°C is taken for 

subsequent hygrothermal study. 

 

Fig. 6.5 Thermal conductivity λ against RH for the aerogel composite. 

The thermogravimetric analysis of the sample is shown in Fig. 6.6. The composite begins to 

decompose at approximately 110°C, reaches its maximum rate of weight loss at 320°C, and is 

followed by another peak at 500°C. The composite concludes its volatile emissions at 650°C, 

retaining around 76% of the original dry weight.  
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Fig. 6.6 Thermal stability against temperature for the aerogel composite. 

6.3.2. Hygrothermal performance assessment  

The reference masonry wall, designed with a 6 cm air cavity, has a U-value of 1.53 W·m-2·K-1. 

However, the application of the aerogel composite as a blown-in insulation material significantly 

improves this U-value, reducing it to 0.32 W·m-2·K-1. This performance surpasses the Dutch 

requirement for wall renovation, which stipulates a limit of 0.71 W·m-2·K-1, demonstrating the 

effectiveness of the rehabilitated wall using the aerogel composite. 

When compared to conventional insulation materials (as shown in Fig. 6.7), the closed-cell PU 

foam achieves the second-lowest U-value after the aerogel composite, followed by glass wool and 

stone wool. All these reference materials meet the minimum U-value required for a retrofitted wall, 

assuming a cavity thickness of 6 cm. Notably, the aerogel composite stands out as the only 

insulation material capable of offering a new-build equivalent thermal insulation performance for 

cavity wall retrofitting, provided the cavity is sufficiently thick enough (e.g. 10 cm) for adequate 

insulation filling.  

Fig. 6.7 summarizes the transient U-values of the retrofitted wall with the aerogel composite and 

reference materials, calculated using Eqs. (2-4) and (2-5). A consistent trend of transient U-values 

is exhibited by the retrofitted wall, contrasting with the original wall without any insulation, 

irrespective of the type of insulation material inside the cavity. The insulating performance of the 

non-insulated wall is solely reliant on its brick component. The thermal conductivity of this 

component deteriorated under higher RH, shifting from 0.6 W·m-1·K-1 in dry conditions to 1.7 

W·m-1·K-1 with a moisture content of 12.6%kg·kg-1 [239]. This shift results in highly fluctuating 

transient U-values. 
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Fig. 6.8 presents the equilibrium moisture content in the aerogel composite and reference materials 

over a simulated year. The aerogel composite exhibits the highest moisture content in all 

simulations, reflecting the reduced hydrophobic properties of the composite due to the inclusion 

of binder and additives, compared to standalone silica aerogel. Despite this, its average moisture 

content remains comparable to the PU foam and stone wool, albeit higher than the glass wool. The 

moisture content of the aerogel composite and the glass wool fluctuates more throughout the year 

compared to the PU foam and stone wool, which exhibit a narrower range.  

Upon examining the moisture content at the interfaced layers adjacent to the exterior bricks and 

behind the interior bricks, it is evident that a higher moisture content accumulates at the exterior 

interfaced layer. For the aerogel composite and glass wool, significantly higher moisture contents 

are observed during the winter months, attributable to their enhanced moisture sorption properties 

under higher RH conditions during this period. All four insulation materials maintain a steady 

moisture content level at the interior interfaced layer.  

Fig. 6.9 summarizes the surface condensation risk at different interfaced zones. The interface 

between the exterior bricks and insulation material for all rehabilitated walls exhibits a higher 

condensation potential compared to the original construction. However, no significant 

condensation risk is observed on the other interface layers, i.e. exterior bricks to outdoor climate, 

interior bricks to insulation material, and interior bricks to indoor climate. This observation aligns 

with the findings of Maia et al. [234], who predicted a higher condensation potential for a 

rehabilitated wall under a colder climate, or when there are larger differences in thermal 

conductivities between different layers (existing bricks and new insulation materials) [240].  

 

Fig. 6.7 Transient thermal transmittance (U-Value) for the masonry wall with aerogel composite, reference 

materials and original construction in the heating period (October to March). 
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Fig. 6.8 Moisture content for the aerogel composite and reference materials in a masonry wall with 6 cm cavity 

thickness, showing (a) the overall insulation layer, (b) at insulation layer next to the exterior and (c) next to the 

interior. 

 

Fig. 6.9 Relative humidity of the (a) exterior bricks interface to outdoor climate, (b) exterior bricks interface to 

the insulation layer, (c) interior bricks interface to the insulation layer, and (d) interior bricks interface to indoor 

climate. 

6.3.3. Indoor climate and occupant comfort assessment 

Fig. 6.10 illustrates the simulated indoor air temperature, RH, and vapour pressure for five 

different cases of masonry walls with a 6 mm cavity. When this cavity is filled with insulation 

materials, the indoor RH of the reference building decreases, correlated to the changes in 

temperature. Specifically, it drops from an average of 60% RH for the original air cavity wall to 

56%, 56%, 55% and 54% RH when filled with glass wool, stone wool, PU foam and aerogel 

composite, respectively.  

In comparison to the IEQII limits (at 25% and 60% RH, respectively), 87% of the simulated hours 

in the reference building using aerogel composite fall within these limits. This is followed by PU 
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foam at 84%, glass wool at 82%, stone wool at 80%, and a mere 49% of the simulated hours in the 

original construction without insulated cavity walls. 

 

Fig. 6.10 Indoor relative humidity and temperature for the simulated building with masonry walls using aerogel 

composite, reference materials and original construction. 

The indoor average room temperature experiences an increase from the original construction at 

21°C to 22°C for rehabilitated construction using either glass wool or stone wool. It further 

increases to 23°C if using either PU foam or aerogel composite. This rise in mean temperature is 

directly associated with the annual heating and cooling demand of the reference building (Table 

6.2). The annual heating demand is significantly reduced, with up to 84% reduction in the case of 

aerogel composite, followed by PU foam at 81%, stone wool at 76% and glass wool at 72% 

compared to the original construction. Conversely, the annual cooling demand increases two to 

threefold. However, the overall annual energy demand related to heating and cooling is still notably 

lower, with up to 72% reduction for the rehabilitated construction using aerogel composite. It is 

important to note that this model does not include natural ventilation (through openings) to 

regulate the indoor environment, which could potentially substitute for the cooling demand of the 

rehabilitated building during the summer period.  
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Fig. 6.11 displays the predicted mean vote (PMV) index and the predicted percentage dissatisfied 

(PPD) index of the reference buildings, with IEQII, IEQIII and IEQIV representing medium, 

moderate, and low expectations, respectively, for the indoor environmental quality from occupants. 

The median PMV improves from -1.5 (cool) of the original construction to -0.8 (slight cool) of 

rehabilitated walls with aerogel composite, corresponding to the mean PPD of 51% and 18% of 

thermally dissatisfied occupants, respectively. While none of the rehabilitated buildings can reach 

a median PPD under either IEQII or IEQIII due to the limited cavity thickness for applying 

insulation material inside, the rehabilitated buildings in all cases provide better thermal comfort 

than the original construction, with median PPD falling within the IEQIV limit. It is important to 

note that a lower PPD does not equate to an increase in health risk but merely a decrease in comfort 

level. The simulation results align with Ganobjak et al. [12], where case studies using different 

aerogel composites for building rehabilitation demonstrate an improvement in occupant thermal 

comfort. 

Table 6.2 Annual heating and cooling demand per heated area for the reference building. 

Masonry wall with 6 cm 

cavity 

Annual heating/cooling 

demand (kWh·m-2) 

Without insulation 260 / 8 

With aerogel composite 43 / 33 

With glass wool 72 / 22 

With stone wool 63 / 25 

With PU foam 49 / 29 

 

Fig. 6.11 Predicted mean vote PMV and predicted percentage dissatisfied PPD for the simulated building with 

masonry walls using aerogel composite, reference materials and original construction. 
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6.4.  CONCLUSIONS 

This chapter investigates the thermal and hygric properties of an advanced aerogel composite 

designed for cavity wall retrofitting. It simulates the hygrothermal performance of this composite 

in typical Dutch buildings that feature a cavity wall suitable for insulation material. The research 

also considers the thermal comfort level of occupants to evaluate the ergonomics of the thermal 

environment in the retrofitted reference building. For comparative analysis, three conventional 

insulation materials, i.e. closed-cell PU foam, stone wool, and glass wool, are included in the 

hygrothermal and thermal comfort assessment. 

The aerogel composite demonstrates a remarkably low dry thermal conductivity of 22.5 mW·m-

1·K-1 at 20°C, which is only 7% higher than that of pure silica aerogel granulates. It also exhibits a 

slight increase in thermal conductivity with higher RH. The composite maintains thermal stability 

up to 110°C before it begins to decompose. Additionally, it displays low water vapour sorption 

properties, a characteristic attributed to the hydrophobic nature of its primary silica aerogel 

component. The composite has a low density of 88.6 kg·m-3 and a porosity of 93.4%, along with a 

low water vapour resistance factor of 3. 

The U-value designed for a retrofitted masonry wall with a 6 cm cavity using the aerogel composite 

is 0.32 W·m-2·K-1. This value is significantly lower than the 0.71 W·m-2·K-1 limit set for renovated 

walls under Dutch regulations. However, the aerogel composite exhibits a higher fluctuation of 

moisture content during the winter months at its interface layer adjacent to the exterior bricklayer. 

This is due to its enhanced moisture sorption properties under high RH conditions prevalent during 

the Netherlands’ winter period. 

When the cavity in masonry walls is filled with the aerogel composite, the indoor RH of the 

reference building decreases from an average of 60% RH for the original air cavity wall to 54% 

RH. This results in 87% of the simulated hours falling within the IEQII limits for a rehabilitated 

building using the aerogel composite, compared to only 49% in original construction without 

insulated cavity walls. The annual heating and cooling demands are significantly reduced, with up 

to a 72% reduction compared to the original construction.  

The median PMV improves from -1.5 (cool) in the original construction to -0.8 (slightly cool) in 

rehabilitated walls with the aerogel composite. This corresponds to the mean PPD of 51% and 

18% of thermally dissatisfied occupants, respectively. In all cases, rehabilitated buildings (using 

aerogel composite, glass wool, stone wool, or PU foam) provide better thermal comfort than the 

original construction, with median PPD falling within the IEQIV limit.  

This chapter highlights the suitability of the tested aerogel composite for cavity wall retrofitting in 

the Netherlands’ climate. It can outperform conventional insulation materials on the market 

without necessitating major renovation or compromising the thermal comfort of occupants. To 

validate the findings of this chapter, an in-field monitoring and survey campaign will be required. 

Additionally, a comprehensive life cycle assessment and cost analysis should be conducted to 

confirm the overall sustainability and economic viability of using aerogel composite in building 

rehabilitation.  
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7. A CIRCULAR APPROACH TO STONE WOOL: ALKALI-

ACTIVATED LIGHTWEIGHT AGGREGATES 

 

ABSTRACT 

This chapter investigates the high-value recycling of stone wool from construction and demolition 

waste into alkali-activated lightweight insulation aggregates, designed for ground cover insulation. 

Various proportions of milled and as-is stone wools are alkali-activated to produce aggregates. The 

aggregates demonstrate loose bulk densities ranging from 720 to 850 kg·m-3 and dry thermal 

conductivity from 0.075 to 0.094 W·m-1·K-1, with moderate water sorption capacities. The fibre 

morphology of as-is stone wool influences rheology, introducing a greater number of pores or 

defects, which results in a decrease in mechanical strength. Hydrothermal simulations reveal that 

the floor assembly of the rehabilitated crawl space, partially filled with the fabricated aggregates, 

shows a reduction in water content and an increase in floor surface temperature. This observation 

suggests potential benefits for maintaining the structural integrity of buildings and enhancing 

occupant comfort. 

 

 

 

 

 

 

 

 

 

 

 

 

The results presented in this chapter are published in the following article: 

C.H. Koh, Y. Luo, K. Schollbach F. Gauvin, and H.J.H. Brouwers, “A Circular Approach to Stone Wool: Alkali-

Activated Lightweight Aggregates,” Developments in the Built Environment 19, 100506 (2024).  
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7.1.  INTRODUCTION 

In accordance with the European Waste Framework Directive [183], efforts to enhance the reuse, 

recycling and recovery of non-hazardous construction and demolition waste (CDW) have been 

mandated, with a target of achieving a minimum recycling rate of 70 % by weight. The Netherlands 

currently recycles approximately 88% of CDW [18]. However, despite these high recycling rates, 

the majority of recycled construction materials are downcycled or repurposed for backfilling. 

Specifically, recycled materials from CDW account for only about 8% of all construction materials 

used in new buildings, with the remainder primarily downcycled in infrastructural projects [18]. 

This practice does not align with the objectives of the National Circular Economy Programme 

established by the Dutch government to meet the growing demand for products and raw materials 

[241]. 

One of the key areas within the circularity action plans is the development of sustainable insulation 

materials. The goal is to adhere to circular design principles, thereby minimizing the incineration 

and landfilling of insulation materials at the end of their lifecycle. Insulation materials make up a 

significant proportion of CDW, with approximately 8.8% and 8.6% being landfilled and 

incinerated, respectively [18]. Among these materials, stone and glass wool collectively represent a 

significant share of the thermal insulation market in Europe, accounting for approximately 58% of 

the volume in 2014 [17]. Furthermore, the projected volumes of mineral wool waste in Europe 

exceed 2.5 million tonnes per year [242]. Therefore, high-value recycling of mineral wool is essential 

for achieving circularity targets. 

Mineral wool waste exhibits homogenous physical and chemical properties compared to many 

other mineral wastes, making it a valuable source of consistent secondary raw materials [243]. The 

literature has explored various recycling approaches, including the use of mineral wool waste as 

reinforcement in cement mortar, thereby replacing conventional sand and aggregates [244, 245]. 

Additionally, lightweight aggregates produced from stone wool and glass wool through high-

temperature sintering have shown potential [246]. Mineral wools are pozzolanic, making them 

potential precursors for producing alkali-activated materials [247, 248, 249]. However, the 

reutilization of mineral wool in alkali-activated lightweight aggregates is currently limited, and their 

performance as insulation material remains an area of ongoing research. This limitation could be 

attributed to the fibrous and light-density nature of mineral wool, which makes it challenging to 

process. Nevertheless, two studies on alkali-activating stone wool are worth mentioning. In one 

study, waste stone wool from fine processing and crushed final products were alkali-activated to 

create artificial aggregates used in geopolymer mortar [250]. Another study focused on alkali-

activating stone wool waste from greenhouses to develop plant substrate materials [251]. Both 

studies demonstrate the potential for repurposing stone wool waste through alkali-activation and 

granulation. 

This chapter investigates the potential fabrication and application of lightweight aggregates derived 

from stone wool for crawl space rehabilitation in the Netherlands. Many residential properties built 

before the 1970s in the Netherlands feature cavity walls and crawl spaces that require retrofitting 

[9]. Conventional methods, such as spraying polyurethane (PUR) foam beneath the floor, are 

commonly employed for crawl space rehabilitation [11]. However, these methods require sufficient 

crawl space height (above 35 cm) for access. For crawl spaces with limited accessibility (less than 
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35 cm), alternative strategies are necessary [252]. The lightweight aggregates developed in this 

chapter could potentially be applied in such retrofitting strategies, helping to mitigate ground 

moisture evaporation [253] and improve occupant comfort and health [254]. 

The primary objective of this chapter is to utilize stone wool as a precursor for producing alkali-

activated lightweight aggregates. These aggregates are intended for use as ground cover insulation 

material in crawl space rehabilitation projects. Stone wool will be milled and alkali-activated to form 

aggregates, with unmilled stone wool included to provide porous structures. The characteristics 

and performance of the manufactured aggregates are investigated and utilized to simulate the 

hygrothermal performance of rehabilitated crawl spaces under typical Dutch climate conditions. 

 

7.2.  MATERIAL AND METHODOLOGY 

7.2.1. Material and fabrication 

In this study, commercially sourced stone wool, procured from Rockwool B.V. (Germany), is used 

as the primary material, simulating mineral wool waste free of significant impurities from other 

CDW. The chemical composition of the stone wool is analysed using X-ray fluorescence 

spectrometry (XRF) (PANalytical Epsilon 3) with a milled sample, and its loss on ignition (LOI) is 

determined within the temperature range of 105 to 1000°C, as presented in Table 7.1. The length 

of stone wool varies, with length-weighted-diameters ranging between 2.4 and 5.3 µm [255]. 

Sodium silicate solution (27.7% SiO2, 8.4% Na2O and 63.9% H2O) and sodium hydroxide (NaOH) 

pellets are used as the alkali activator. 

The overall production procedure and specimen composition are depicted in Fig. 7.1. Unmilled 

stone wool, characterized by a fibrous and voluminous structure, exhibits low workability and 

strength when used in its original form. The initially long stone wool fibres (Fig. 7.1a) undergo 

milling to produce a powder (Fig. 7.1b) using a ball mill (Planetary Mill Pulverisette 5). This milled 

stone wool serves as the solid precursor in the alkali-activated binder for this study. Additionally, 

as-is stone wool is incorporated into the mixture as a micro-fibre to enhance porosity and thermal 

insulation. Five distinct weight ratios of milled and as-is stone wool are prepared: 9.0, 6.1, 4.6, 3.5, 

and 2.8, denoted as M90, M86, M82, M78 and M74 respectively (refer to Fig. 7.1c). The workability 

of the paste deteriorates when the weight ratio decreases to 2.5 or lower. The alkali activator is 

synthesized in advance by blending sodium silicate solution, sodium hydroxide pellets, and 

additional water. The alkali activator formulation is established with a modulus of 1.8 and Na2O 

concentration of 8%, based on the previous fly ash-based geopolymer formulation in CHAPTER 4. 

The water-to-dry components ratio (dry sodium silicate, sodium hydroxide, milled stone wool and 

as-is stone wool) is set at 0.4. The mass ratio of liquid (alkali activator solution and water) to 

precursor (milled stone wool) is fixed at 72%. 
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Table 7.1 Chemical composition of raw material. 

Oxides (%) Stone Wool 

SiO2 38.11 

Al2O3 23.18 

CaO 16.82 

MgO 8.91 

Fe2O3 7.43 

TiO2 1.56 

K2O 0.74 

MnO 0.28 

SO3 0.07 

Cr2O3 0.07 

V2O5 0.05 

Other 0.64 

LOI (1000°C) 2.14 

Specific density (kg·m-3) 2800 ± 2 

 

 

Fig. 7.1 (a) As-is stone wool, (b) milled stone wool, (c) specimen compositions, and (d) manufactured stone 

wool-based lightweight aggregates (LWA). 
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For the production process, milled stone wool and alkali activator solution are combined in a mixer 

and blended until a homogeneous paste is attained. Subsequently, as-is stone wool is added to the 

paste and thoroughly mixed until all fibres are coated. In this lab-scale manufacturing process, 

aggregates are shaped by placing the mixed material into spherical silicone moulds. For upscaling 

production, extrusion is suggested. The average diameter of the aggregates obtained is 2 ± 1 cm. 

The moulds containing aggregates are wrapped in plastic foil and cured in an oven at 60°C for 24 

hours. Following curing, the aggregates are removed from the mould and subjected to further 

drying in an oven at 60°C for an additional 12 hours. Finally, the aggregates are retrieved from the 

oven for further characterization and assessment. 

7.2.2. Characteristics assessment 

Loose bulk density (ρbulk) of the aggregates is determined in accordance with standard EN1097-3 

[256]. Particle density (ρparticle) is assessed using a helium pycnometer (Micromeritics AccuPyc II 

1340) with a 10 cm3 cup is used. The pycnometer has a reading accuracy of 0.03% and an additional 

0.03% uncertainty related to the sample capacity. Porosity of the specimen is calculated from 

particle density and bulk density using Eq. (2-1). Open porosity is directly measured from the 

aggregates, while total porosity is determined from the powder obtained from crushed and milled 

aggregates. 

Mechanical property is assessed using a mechanical testing system (Instron 5967) equipped with a 

5 kN load cell. Single crushing strength (σ) is calculated using the formula proposed by [257]: 

𝜎 =
2.8 ∗ 𝑃

𝜋 ∗ 𝑑2
 (7-1) 

Where P represents the recorded failure load and d is the diameter of aggregate. An average value 

is computed from 10 aggregates per specimen group. 

Thermal conductivity (λ) is determined utilizing the transient line source method with a thermal 

needle probe (AP Isomet model 2104). The probe has an accuracy of 5% of the reading plus 0.001 

W·m-1·K-1. Measurements are taken at 20 ± 2°C, with three readings obtained per specimen group. 

To ensure consistency in measurements, samples are filled into the same cylindrical container 

utilized to determine bulk density. 

Hygroscopic sorption properties are evaluated following standard ISO 12571 [152]. Sorption 

isotherms are measured by the saturated salt solutions (SSS) method, covering specific relative 

humidity levels from 0% to 98%. Moisture uptake is monitored by weighing the samples at 24-

hour intervals using a digital balance until a constant mass is reached, defined as three successive 

weighings showing a mass loss change of less than 0.1%. 

Water absorption is measured in accordance with standard EN1097-6 [258]. Samples are immersed 

in water in a pyknometer for 24 hours, and the mass of the saturated and surface-dried aggregates 

is recorded. 

Microstructure analysis is performed through visual inspection using an optical microscope (ZEISS 

Axio Imager 2). 



 
 

102 

 

Thermogravimetric analysis (TGA) is conducted to assess mass loss or decomposition events with 

respect to temperature, utilizing a thermogravimetric analyser (TA Instruments TGA Q500). The 

heating process, starting from room temperature and continuing up to 1000°C at a rate of 

10°C·min-1, is carried out under a controlled nitrogen atmosphere with a constant flow rate of 60 

ml·min-1. 

Chemical composition analysis is performed using Fourier transform-infrared (FT-IR) 

spectroscopy coupled with an attenuated total reflection (ATR) attachment (PerkinElmer Frontier 

FT-IR). Spectra are collected over a wavenumber range of 4000 to 400 cm-1 at a resolution of 1 

cm-1. 

Mineralogical composition is further characterized by X-ray diffraction (XRD), utilizing a Bruker 

D2 (Co tube, Kα1 1.7890 [Å] Kα2 1.7929 [Å], step size 0.02 2Theta, range 10-90 2Theta). 

7.2.3. Building performance simulation 

Heat, air and moisture (HAM) transport simulations and indoor climate analyses are conducted on 

a terraced housing unit with a narrow crawl space and cavity walls, based on the model established 

in CHAPTER 6 [259]. Specifically, the water content and temperature of the floor (wooden flooring 

and floor joist) above the crawl space are examined for the original unfilled crawl space and the 

crawl space filled with lightweight aggregates manufactured in this study. The software WUFI Plus 

is utilized to compute the heat and moisture balances within the room [21] using Eqs. (1-3) and 

(1-4), respectively. 

The building model encompasses dimensions of 5x8x2.8 m3 per floor (width x depth x height) per 

housing unit, each featuring a floor area of 80 m2 and an unheated attic, refer to Fig. 7.2a. An 

elevated wooden floor above sandy ground creates a narrow crawl space with a height of 30 cm 

(Fig 7.2b), exhibiting an arbitrary air change rate of 10 h-1 with the outdoor environments. Two-

floor assembly designs are considered: one with the original unfilled crawl space and another filled 

with a 20 cm thick layer of manufactured aggregates on the sandy ground, leaving only 10 cm of 

airspace. The effective thermal transmittance (U-value) of the floor assembly with the unfilled crawl 

space is 0.332 W·m-2·K-1. Masonry walls with a 6 cm cavity filled with stone wool exhibit a U-value 

of 0.499 W·m-2·K-1. Additional building components include a ceiling assembly with a U-value of 

0.087 W·m-2·K-1 and glazing with a U-value of 0.8 W·m-2·K-1. 

Boundary conditions are established based on the outdoor climate of Eindhoven in the 

Netherlands, characterized by a temperate oceanic climate (Cfb) according to the Köppen climate 

classification. The annual air temperature and relative humidity profile [260] are depicted in Fig. 

7.2c. Two indoor scenarios are defined: one with a heating system maintaining an indoor 

temperature above 20°C, and another without any heating system. Cooling systems, mechanical 

humidification, and dehumidification systems are excluded, as they are not commonly utilized in 

residential housing in the Netherlands. A steady airflow of 7 l·s-1 per person is incorporated into 

the model. The indoor heat and moisture loads are based on the software’s predefined four-person 

family household occupancy. The simulation is conducted for three years or until hygrothermal 

equilibrium within the building assemblies is reached. The main boundary and initial conditions are 

similar to CHAPTER 6, which are summarized in Table B.7 (see Appendix B). 
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The simulated results are further compared against another commonly applied insulation aggregate, 

namely expanded perlite aggregates (EPA). The main properties of the reference material are: bulk 

density of 147 kg·m-3, porosity of 0.94, thermal conductivity of 0.04 and 0.05 W·m-1·K-1 under dry 

and 60% relative humidity (RH) conditions, respectively, and moisture content of 1 %kg·kg-1 under 

60% RH [261]. 

 

Fig. 7.2 (a) Building model, (b) crawl space design, and (c) exterior climates for simulation. 

 

7.3.  RESULTS AND DISCUSSION 

7.3.1. Characteristics assessment 

In this study, an increase in the content of as-is stone wool results in a more porous aggregate 

structure, as demonstrated by the elevated porosity and reduced bulk density (Fig. 7.3a-b). The 

internal porosity of the aggregates primarily comprises interconnected and open pores, with closed 

pores constituting less than 1% of the sample porosity. The bulk densities range from 720 (M74) 

to 850 kg·m-3 (M90), slightly lower than those reported for similar lightweight aggregates (LWA) 

derived from stone wool precursors, such as the 860 kg·m-3 reported by [246]. This reduction in 

weight primarily stems from the combination of as-is and milled stone wool used in this study. 

While the loose bulk density adheres to the 1200 kg·m-3 limit defined for LWA [262], these 

aggregates display notably higher densities than conventional expanded perlite aggregates (EPA), 

which typically range from 30 to 150 kg·m-3 [263]. This suggests a higher anticipated thermal 

conductivity; however, it also provides greater thermal mass than EPA. 
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Fig. 7.3 (a) Bulk densities, (b) porosities, (c) crushing strength, (d) thermal conductivities, and (e) sorption 

isotherms of specimens. 

The individual aggregate crushing resistance ranges between 1.0 and 2.3 MPa (Fig. 7.3c). The 

highest strength is observed in the M86 specimen. The results show that the strength decreases as 

a higher percentage of as-is stone wool is incorporated. The incorporation of as-is stone wool can 

impact rheology due to its fibre morphology, introducing more pores or defects. However, the 

overall strength is notably lower than that reported for other stone wool-based LWA, such as 8.8 

MPa reported by [246] and 7.0 MPa by [250]. It is important to note that the higher strengths 

achieved in these studies are attributed to additional high-temperature sintering following the 

curing process. For loose-fill insulation applications in crawl spaces, crushing resistance is primarily 

necessary for the handling and installation of the material. Therefore, a comparable lower strength 

can be tolerated, and more importantly, lower energy manufacturing is achieved. 

The dry thermal conductivity of the samples falls within the range of 0.075 and 0.094 W·m-1·K-1 

(Fig. 7.3d).  A decrease in thermal conductivity is observed with increasing as-is stone wool 

contents, aligning directly with the higher porosity evident in the aggregates. The greater volume 

of air voids within the aggregates results in reduced thermal conductivity. This range is consistent 

with other alkali-activated aggregates, as reported between 0.079 and 0.087 W·m-1·K-1 by [264]. 

However, the thermal conductivity is higher than that of typical EPA, which typically ranges from 

0.04 to 0.05 W·m-1·K-1 [263], owing to their lower density. Under 60% relative humidity (RH) 

conditions, the thermal conductivity increases. Conversely, when compared against as-is stone 

wool contents, the thermal conductivity exhibits a slight increase with higher as-is stone wool 

contents. The heightened presence of open pores results in increased water content within the 

aggregate, subsequently elevating its effective thermal conductivity under high RH conditions. This 

suggests that further increases in as-is stone wool contents to achieve a more porous structure may 

compromise insulation performance in humid environments. 
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The moisture adsorption of the samples shows no significant difference up to 85% RH, with water 

contents measuring at 7 and 11 %kg·kg-1 under 60% and 80% RH respectively (Fig. 7.3e). The 

influence of as-is stone wool contents becomes more pronounced regarding water absorption 

capability. Water contents up to 36 %kg·kg-1 are measured in samples M74 and M78, while 

approximately 28 %kg·kg-1 is observed in samples M82, M86 and M90 under fully saturated 

conditions. This observation suggests the formation of larger pores when as-is stone wool content 

exceeds 22% in composition. It also implies that the thermal conductivity of aggregates with higher 

as-is stone wool contents will increase significantly under higher RH or when in contact with water, 

which is undesirable, especially when they are directly in contact with the ground. For comparison, 

water content for EPA is typically around 1 and 2 %kg·kg-1 under 60% and 80% RH respectively 

[263], although water absorption can reach as high as 71 %kg·kg-1 [265] due to the presence of 

large pores. 

Pores are readily observable on the manufactured samples, as depicted in Fig. 7.4 The as-is stone 

wool entraps air bubbles during the gel formation process, particularly in areas where wool is 

aggregated. This phenomenon leads to the formation of larger pores and defects within the matrix. 

Smaller pores are also discernible and randomly distributed within the binder gel. The internal 

structure exhibits a notable degree of inhomogeneity due to the random distribution of as-is stone 

wool and the lab-scale fabrication process. 

 

Fig. 7.4 Microscope images of samples M82 showing pores. 

Fig.7.5a depicts the results of thermogravimetric (TG) analysis conducted on the crushed powder 

extracted from the aggregates. The initial derivative thermogravimetry (DTG) peak emerges within 

the temperature range of 100 to 300°C, signifying the release of physically and chemically bound 

water inherent in the aluminosilicate gel structure [266]. A subtle shift of the peak towards higher 

temperatures is observed with increased milled stone wool incorporation, transitioning from 179°C 

for M74/M78 to 185°C for M86/M90. This shift is attributed to the rapid dissolution rate of milled 
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stone wool compared to as-is stone wool, leading to an enhanced gel formation with more tightly 

bonded water, thus corroborating the observed trends in crushing strength. The original organic 

binder present in stone wool (Fig. 7.1) undergoes decomposition within the range of 300-500°C 

[267, 268]. Additionally, the DTG peak at 700 °C corresponds to the decomposition of carbonates 

[266]. However, within the same temperature range, an exothermic peak at 700°C is notable, 

particularly in raw stone wool, which may signify the devitrification of wool and subsequent 

formation of crystalline phases [269, 270]. A similar exothermic peak is also discernible in the 

aggregates, especially those with higher as-is stone wool content such as M74. 

 

Fig. 7.5 (a) TG/DTG, (b) FTIR, and (c) XRD patterns of specimens and raw material. 

Fig. 7.5b illustrates the Fourier transform-infrared (FT-IR) spectroscopy analysis on both the 

aggregates and raw stone wool. The primary peak at broad bands around 900 cm-1 on raw stone 

wool corresponds to the asymmetric stretching vibration modes of Si-O-T bonds (T = tetrahedral 

Si or Al) [248]. Upon alkali activation, the bands in the aggregates are shifted and centred at or 

around 980 cm-1. This shift primarily reflects changes in the polymerization degree of Si-O-T 

crosslinking. In this investigation, an increase in milled stone wool leads to the shifting of the main 

Si-O-T band from 960 cm-1 to 980 cm-1, indicating a higher polymerization degree with milled stone 

wool, consistent with the TG measurement. The humps at 1400 cm-1 and 1460 cm-1 are attributed 

to the presence of various carbonates [266]. Small peaks at 1640 cm-1, attributed to OH groups 

[171], originating from chemically bound water in the gel, are also observed. 
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Raw stone wool primarily exhibits an amorphous structure, attributable to the rapid cooling during 

the manufacturing process [249, 267, 271], as confirmed by X-ray diffraction (XRD) analysis (Fig. 

7.5c), wherein no discernible peaks are evident, but rather a broad halo around 30° 2θ. Similarly, 

the alkali-activated aggregates retain an amorphous nature without any crystalline phase formation, 

which is consistent with the findings reported by [248]. 

Based on the crushing strength results, specimen M86 is selected for further hygrothermal 

performance simulation as insulation aggregates for crawl space rehabilitation. The aggregates have 

a measured bulk density of 821 kg·m-3, open porosity of 68%, dry thermal conductivity of 0.090 

W·m-1·K-1, heat capacity of 800 J·kg-1·K-1, and sorption isotherms as shown in Fig. 7.3e. The 

aggregates are assumed to be vapour-diffusive, with a water vapour diffusion resistance factor of 

2. Additionally, the aggregates are assumed to exhibit the same liquid transport properties as sands 

to account for additional capillary liquid transport, shown in Fig. A.5 (see Appendix A), during 

the hygrothermal simulation. 

7.3.2. Building performance simulation 

The water content profiles of the floor assembly, comprising the wooden flooring exposed to the 

indoor environment and the floor joist exposed to the crawl space, are depicted in Fig. 7.6. Both 

heated and unheated building scenarios are considered for comparison. In cold climates, building 

design typically incorporates a heating system to maintain an indoor temperature of approximately 

20°C or higher, thereby preventing damage from ground frost, structural wetting, mould formation, 

and other moisture-related issues [272]. These distinct trends in water content within the floor 

assembly are discernible in the simulated profiles presented in Fig. 7.6.  

In both heated and unheated scenarios, a reduction in water content is observed in the floor 

assembly of the rehabilitated crawl space partially filled with M86 aggregates, compared to the 

original construction with an empty crawl space. The reduction is more pronounced in the floor 

joist exposed to the crawl space, with reductions of up to 2.9% for heated buildings and up to 2.7% 

for unheated buildings (Fig. 7.6b). Conversely, for the flooring exposed to the indoor 

environment, reductions of approximately 1.2% and 0.5% are observed for heated and unheated 

buildings, respectively (Fig. 7.6a).  

The moisture reduction profiles of M86 aggregates and conventional EPA used as filling aggregates 

for floor rehabilitation follow a similar trend. However, conventional EPA performs slightly better 

than M86 aggregates, providing up to an additional 0.2% moisture reduction in wooden flooring 

and an additional 0.4% moisture reduction in wooden floor joists. This difference is mainly due to 

the lower moisture sorption capacity of conventional EPA compared to the M86 aggregates 

manufactured in this chapter. 

Despite being relatively small, these reductions in water content within the floor assembly offer 

potential benefits in mitigating structural damage, mould proliferation, or other health and safety 

hazards associated with undesirable levels of moisture content [254]. The simulated results in this 

study are consistent with previous research on measured and simulated moisture conditions in 

outdoor air-ventilated crawl spaces with ground cover, showing a reduction in relative humidity in 

the rehabilitated crawl space [273]. 
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The effective thermal transmittance (U-value) of the rehabilitated floor assembly, filled with M86 

aggregates, decreases from 0.332 W·m-2·K-1 to 0.191 W·m-2·K-1. For energy retrofitting of a 

ventilated crawl space, the most effective approach involves adding an insulation layer beneath the 

floor if sufficient crawl space height is available. Consequently, only a minor increase in floor 

temperature is observed when aggregates are placed on the ground in the crawl space, as illustrated 

in Fig. 7.7.  

 

Fig. 7.6 Average water content in the floor assembly: (a) wooden flooring that is exposed to the indoor 

environment and (b) wooden floor joist that is exposed to crawl space.  

During the winter period, temperature increments of up to 0.2°C and 0.4°C are noted for heated 

and unheated buildings, respectively, when applying M86 aggregates. Conversely, using 

conventional EPA as ground cover insulation offers an additional 0.1°C increment due to its lower 

thermal conductivity. For heated buildings, ground cover with M86 aggregates translates into an 

energy saving of 5.4% based on simulation results, reducing from 5992 to 5669 kWh after 

rehabilitation. This is slightly lower than the EPA case, which provides a 7.0% energy saving. 

Interestingly, an undesirable decrease in temperature is observed in unheated buildings during the 

early winter period. This phenomenon is attributed to reduced access to ground heat, which could 

be more pronounced with materials of lower thermal conductivity or thermal mass, such as 

expanded perlite aggregates. However, it is important to note that this phenomenon is limited to 

unheated buildings. 
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Fig. 7.7 Average floor surface temperature. 

 

7.4.  CONCLUSIONS 

The properties of the fabricated stone wool-based aggregates are determined by the ratio of milled 

stone wool to as-is stone wool in their compositions. It has been observed that the fibre 

morphology of as-is stone wool influences rheology, introducing a greater number of pores or 

defects, which results in a decrease in mechanical strength. As the proportion of as-is stone wool 

increases from 10% to 26% in the stone wool mixture, there is a corresponding increase in the 

porosity of the specimens from 67% to 72%. These porous structures exhibit a thermal 

conductivity ranging from 0.075 to 0.094 W·m-1·K-1 under dry conditions. However, under humid 

conditions, aggregates with higher porosity demonstrate an increase in thermal conductivity, which 

can be attributed to their elevated moisture adsorption and water absorption capacity. When 

compared to conventional expanded perlite aggregates (EPA), the fabricated aggregates exhibit 

certain disadvantages such as higher density, thermal conductivity, and moisture adsorption 

capacity. However, they offer advantages such as lower water absorption and higher thermal mass. 

In the hydrothermal simulation involving the use of stone wool-based aggregates for crawl space 

rehabilitation, a notable reduction in water content and an increase in floor surface temperature are 
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observed in the floor assembly of the rehabilitated crawl space partially filled with aggregates, 

compared to the original construction with an empty crawl space. This decrease in water content 

within the floor assembly offers potential advantages for maintaining the structural integrity of 

buildings and mitigating adverse impacts on occupant comfort and health. Furthermore, there is 

potential for a 5.4% reduction in heating energy consumption after rehabilitation. 

The findings of this chapter suggest that stone wool-based aggregates provide a high-value 

recycling option suitable for crawl space retrofitting applications. These aggregates and their 

potential applications represent sustainable construction practices, contributing to the circular 

economy by repurposing insulation waste materials into valuable building insulation components. 

Future research focusing on durability, leaching behaviour, composition design, manufacturing 

optimization, and full life cycle assessment is essential for practical implementation. 
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8. A SIMPLE TWO-PHASE APPROACH TO PREDICT 

MOISTURE-DEPENDENT THERMAL CONDUCTIVITY OF 

POROUS MATERIALS 

 

ABSTRACT 

This chapter develops a generalized solution for moisture-dependent thermal conductivity (λeff) in 

porous media, utilizing readily available parameters. By introducing arbitrary dry and saturated 

phases, the tri-phase model (solid, gas, and water) is simplified into a two-phase model. Seven 

analytical solutions are adapted, including series-parallel, Maxwell-Eucken, Landauer’s, exponential, 

and Somerton’s relations. The proposed method requires only two parameters to predict λeff under 

different degrees of saturation (Sr): effective dry thermal conductivity (λdry, where Sr = 0) and 

effective saturated thermal conductivity (λsat, where Sr = 1). In the absence of direct λsat 

measurement, this λsat can be obtained using λdry and the parallel relation for highly porous media, 

and using Landauer’s relation for medium-density materials. Validation results indicate that both 

Landauer’s and exponential relations provide the upper bound and lower bounds, respectively, for 

λeff. For medium-density materials, the upper bound aligns with the parallel relation and the lower 

bound aligns with Landauer’s relation. 

.  

 

 

 

 

 

 

 

 

 

 

The results presented in this chapter are published in the following article: 

C.H. Koh and H.J.H. Brouwers, "A simple two-phase approach to predict moisture-dependent thermal conductivity 

of  porous insulation materials," International Journal of  Heat and Mass Transfer 234, 126138 (2024).  
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8.1.  INTRODUCTION 

Building thermal insulation materials, and many mineral-based construction materials, commonly 

feature a porous structure to leverage the low thermal conductivity of air or gas within their pores. 

However, these porous materials are highly susceptible to moisture adsorption, condensation, rain, 

and groundwater uptake. The presence of water within the insulation materials introduces an 

additional thermal conductor, leading to increased heat transfer through the material. This rise in 

water content compromises the thermal resistance of the insulation material, thereby diminishing 

its performance. Despite efforts to mitigate moisture adsorption and water infiltration, complete 

avoidance is often challenging. Therefore, understanding how changes in water content impact the 

effective thermal conductivity of porous materials is essential. 

Several methods are available for measuring the effective thermal conductivity of wet porous 

building materials. These methods include the transient method (periodic method) proposed by 

ISO 16957 [274], and the steady-state method using a standardized guarded hot plate or heat flow 

meter as outlined in ISO 10051 [275]. However, measuring the thermal conductivity of moist 

porous materials presents challenges. In the steady-state method, the applied temperature gradient 

induces a non-uniform distribution of moisture within the material. While this issue could 

potentially be addressed using the periodic method outlined in ISO 16957, this approach entails a 

more complex measurement setup and analysis. Consequently, a simple analytical solution based 

on commonly measured parameters, such as thermal conductivity under dry conditions, would 

prove advantageous in this context. 

Material-specific approximation through data fitting is the simplest method. For example, 

McFadden [276] proposed simple linear and exponential relations for moist insulation material 

based on measurements using different techniques. However, for a generalized model, a more 

complex approach is required.  

Wang et al. [277] applied a tri-phase thermal conductivity model based on capillary structure using 

fractal theory. This model considers parameters such as porosity, pore size distribution, and fractal 

structure in determining the thermal conductivity under different moisture content. Similarly, Qin 

et al. [278] applied a fractal model for porous media under different degrees of saturation. Pei et al. 

[279] introduced a tortuosity correction in their tri-phase model to reflect the heat conduction path, 

alongside parameters such as porosity, water content, and thermal conductivity of the solid phase. 

Li et al. [280] proposed a multi-phase model for partially saturated cement-based porous 

composites, based on effective medium and mean-field theories, accounting for the pore shapes 

and orientations. Chu et al. [281] developed a fractal capillary bundle model at the pore scale for 

the effective thermal conductivity of porous geomaterials, considering structure parameters such 

as porosity, tortuosity, pore size distribution and its fractal dimension. For moist silica aerogel, 

Chen et al. [282] proposed a fractal-intersection sphere with an inhomogeneous water film 

structural model. Theoretical frameworks are also available on other porous mediums, such as soils 

and rocks. Ghanbarian and Daigle [283] proposed a model to predict thermal conductivity in these 

moist porous media based on percolation theory and effective medium theory.  

While these generalized models provide analytical solutions for approximating the thermal 

conductivity of moist material, they often involve parameters that are challenging to obtain, such 
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as the thermal conductivity for the solid phase and pore size distribution. Therefore, a generalized 

model based on commonly measured parameters would be more practical for implementation. 

This study aims to derive a generalized moisture-dependent thermal conductivity solution for 

porous insulation material, using only commonly measured and readily available parameters. 

Existing multiphase models for porous materials, as reviews by Carson et al. [284] and Smith et al. 

[285] are referenced when deriving solutions for moist porous materials. The derived solutions are 

further validated with experimental data from the literature. 

 

8.2. MODELS AND METHODOLOGY 

8.2.1. Two-phase models for effective thermal conductivity 

The effective thermal conductivity (λeff) of air and water-filled porous materials can be 

approximated using a multiphase model approach. In a simplistic depiction, a dry porous material 

consists of a solid phase and a gas phase, while a fully saturated porous material comprises a solid 

phase and a water phase. This reduces the multiphase model to a two-phase model. Numerous 

analytical solutions exist for this model, each hinging on different assumptions regarding geometry 

and heat conduction pathways. Typically, these models involve three primary parameters: the 

thermal conductivity of the first phase (λ1), typically assigned to the solid phase (λs); the thermal 

conductivity of the second phase (λ2), typically assigned to the fluid phase in the pores, either gas 

(λg) or water (λw); and the contribution fraction of the second phase (x2). Generally, x2 is assumed 

to be equivalent to the physical volume fraction of the pore, also known as porosity (φ) [284, 285]. 

Fig. 8.1 illustrates a porous material under both dry and fully saturated conditions, along with the 

primary components when applying a multiphase model to predict λeff. 

Six solutions derived from multiphase models, as reviewed by Carson et al. [284] and Smith et al. 

[285], are included in this study, illustrated in Fig. 8.2. 

Among the various two-phase models, the simplest approach to predict λeff involves treating the 

solid and fluid as thermal resistors either in series or in parallel with respect to the heat flow, as 

expressed in: 

𝜆𝑒𝑓𝑓 =
1

(1 − 𝑥2) 𝜆1⁄ + 𝑥2 𝜆2⁄
 

 (8-1) 

and 

𝜆𝑒𝑓𝑓 = 𝜆1(1 − 𝑥2) + 𝜆2𝑥2  (8-2) 

respectively. Although these assumptions neglect physical interaction between phases, they provide 

lower and upper bounds for effective thermal conductivity (Fig. 8.2). 
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Fig. 8.1 Porous materials under both dry and fully saturated conditions, with the primary components when 

using a multiphase model approach. The depicted two-dimensional structure of the porous material is purely 

illustrative, and the actual structure could be fibrous, foam-like, or any other form of porous structure.  

 

Fig. 8.2 Different two-phase model approaches for effective thermal conductivity. 
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Another well-established model is the Maxwell-Eucken relation [286], equivalent to the Hanshin-

Shtrikman upper and lower bounds [287], and can be represented by: 

𝜆𝑒𝑓𝑓 = 𝜆1

𝜆2 + 2𝜆1 − 2(𝜆1 − 𝜆2)𝑥2

𝜆2 + 2𝜆1 + (𝜆1 − 𝜆2)𝑥2
 

(8-3) 

and 

𝜆𝑒𝑓𝑓 = 𝜆2

𝜆1 + 2𝜆2 − 2(𝜆2 − 𝜆1)(1 − 𝑥2)

𝜆1 + 2𝜆2 + (𝜆2 − 𝜆1)(1 − 𝑥2)
 

 

(8-4) 

respectively. This model delineates upper and lower limits for the effective thermal conductivity of 

macroscopically homogeneous and isotropic multiphase materials, in terms of phase volume 

fraction and phase conductions. The model assumes individual closed pores dispersed uniformly 

in the solid matrix and does not account for a continuous conduction pathway through pores. The 

Maxwell-Eucken bounds further refine the estimated range, falling within the bounds set by Eqs. 

(8-1) and (8-2), as shown in Fig. 8.2. 

Another approach, proposed by Landauer [288], is based on a random mixture assumption, treating 

each phase as if surrounded by a homogeneous medium with properties are the mixture. The model 

allows open porosity where the interconnected pore phase forms a continuous heat conduction 

pathway, leading to a stronger dependence of thermal conductivity on the pore phase.  This 

solution, known also as the Effective Medium Theory (EMT), can be expressed either in its implicit 

form as follows: 

(1 − 𝑥2)
𝜆1 − 𝜆𝑒𝑓𝑓

𝜆1 + 2𝜆𝑒𝑓𝑓
+ 𝑥2

𝜆2 − 𝜆𝑒𝑓𝑓

𝜆2 + 2𝜆𝑒𝑓𝑓
= 0 

(8-5) 

alternatively, in its explicit form as follows: 

𝜆𝑒𝑓𝑓 =
1

4
{𝜆2(3𝑥2 − 1) + 𝜆1(2 − 3𝑥2) + √[𝜆2(3𝑥2 − 1) + 𝜆2(2 − 3𝑥2)]2 + 8𝜆1𝜆2} 

(8-5a) 

The solution sits within the bounds set by Eqs. (8-3) and (8-4), however, do not universally fit all 

measurements examined in the original study. 

A simple exponential relation, proposed by Tichá et al. [289], assumes a closed-pores 

microstructure with non-conducting pores, therefore eliminating the parameter λ2. However, the 

proposed equation breaks down at a higher pore volume fraction and approaches zero. This 

breakdown can be mitigated by reconsidering the effect of the thermal conductivity of the second 

phase and is expressed by: 
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𝜆𝑒𝑓𝑓 = (𝜆1 − 𝜆2) ∙ 𝑒𝑥𝑝 (
−𝐵𝑥2

1 − 𝑥2
) + 𝜆2 

(8-6) 

where the parameter B relates to pore shape, with B = 3/2 assumed for spherical pores. 

λs for inorganic minerals vary widely depending on mineral composition and crystal orientation, 

ranging from 1 to 5 W·m-1·K-1 [290], and up to 10 W·m-1·K-1 for quartz with crystal orientation 

parallel to the heat source [291]. Organic solid matter has lower λs values, ranging from 0.13 to 0.35 

W·m-1·K-1 [292]. For insulation materials filled with air, λg is typically equivalent to the thermal 

conductivity of air (λa), around 0.026 W·m-1·K-1 at 20°C [293]. For a fully saturated porous material, 

λw is approximately 0.6 W·m-1·K-1 at 20°C [293]. 

8.2.2. Effective saturated thermal conductivity 

8.2.2.1. Highly porous materials 

For building insulation materials, the effective saturated thermal conductivity (λsat) is less commonly 

measured and investigated compared to the effective dry thermal conductivity (λdry), both 

commercially and in the literature. Theoretically, a fully saturated porous material can be simplified 

as a two-phase model by assuming all pores are filled with water in their saturated state. The same 

equations (Eqs. (8-1) to (8-6)) should provide a valid prediction for λsat based on the same 

contribution fraction x2 used to predict λdry. To validate this assumption, Eqs. (8-1) and (8-2), 

representing the lower and upper bounds for λdry (Fig. 8.2), are used to calculate λsat and compared 

against their measured λsat. Four porous insulation materials from the open-source MASEA 

database [294] are selected, and the parameters of these materials used in the calculations are listed 

in Table 8.1. 

Table 8.1 Parameters of four porous insulation materials [294] for the calculation. 

  Stone 
wool 

Glass 
fibres 

PU foam 
Expanded 

cork 

Measured values from [294]     

Dry thermal conductivity, λdry (W·m-1·K-1) 0.040 0.035 0.030 0.040 

Saturated thermal conductivity, λsat (W·m-1·K-1) 0.60 0.61 0.60 0.61 

Porosity, φ (-) 0.95 0.99 0.95 0.9 

Density, ρ (kg·m-3) 60 30 40 150 

Estimated values     

Solid Thermal conductivity, λs (W·m-1·K-1) 3 [295] 1.4 [296] 0.21 [297] 0.4 [298] 

Water Thermal conductivity, λw (W·m-1·K-1) 0.6 [293] 

Air Thermal conductivity, λa (W·m-1·K-1) 0.026 [293] 

When applying Eqs. (8-1) to (8-6) to predict λdry, x2 is generally assumed to be equivalent to the 

physical porosity (φ). Table 8.2 presents the calculated x2 for the pore when applying Eqs. (8-1) 

and (8-2) based on measured λdry, and λs and λa obtained from the literature. The calculated x2 from 
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Eqs. (8-1) and (8-2) form the lower and upper limits for the measured φ, and it appears that the 

prediction of x2 following Eq. (8-2) is closer to φ.  

Table 8.2 Calculated contribution fraction (x2) using Eqs. (8-1) to (8-2) based on λdry, λs and λa from Table 8.1. 

 Calculated x2 Measured 
Porosity φ Equations Series, Eq. (8-1) Parallel, Eq. (8-2) 

Stone wool 0.6469 0.9953 0.95 

Glass fibres 0.7380 0.9934 0.99 

PU foam 0.8478 0.9783 0.95 

Expanded cork 0.6257 0.9626 0.90 

λsat is further predicted based on x2 calculated from Table 8.2 and compared to λsat calculated from 

the measured φ. Here, the second phase is the water phase. Both sets are then compared against 

the measured λsat. The results are listed in Table 8.3. Among all four calculations, λsat calculated 

from x2 using Eq. (8-2) is closer to the measured λsat, aligning with the lower boundary close to the 

second phase (λw at 0.6 W·m-1·K-1). In contrast, λsat calculated from the measured φ significantly 

deviates from the measured λsat. This deviation suggests the limitation of using porosity (φ) as x2 in 

estimating λeff. It should also be noted that the physical pore volume accessible to water is not 

always the same as the total pore volume that can be filled by gas (air). 

Table 8.3 Calculated saturated thermal conductivity (λsat) using Eqs. (8-1) and (8-2) based on x2 and φ (Table 

8.2). 

 Calculated λsat 
Measured 

λsat 
Equations Series,  

Eq. (8-1) 

Parallel,  

Eq. (8-2) 

Series,  

Eq. (8-1) 

Parallel,  

Eq. (8-2) 

 x2,eq1 x2,eq2 φ φ - 

Stone wool 0.8362 0.6113 0.6250 0.7200 0.60 

Glass fibres 0.7056 0.6052 0.6034 0.6080 0.61 

PU foam 0.4678 0.5915 0.5490 0.5805 0.60 

Expanded cork 0.5054 0.5925 0.5714 0.5800 0.60 

Despite the varying λs value (0.21 to 3 W·m-1·K-1), all samples exhibit a similar range in λsat. This 

similarity indicates that the influence of the solid phase’s thermal conductivity has little effect on 

the thermal conductivity of saturated insulation material, aligning with findings from [299]. This is 

evident from the MASEA database [294], where the majority of porous materials have λsat values 

close to λw. 

Based on these findings, in the absence of direct λsat measurement, λsat can be approximated using 

the parallel relation. The contribution fraction x2 is first estimated using Eq. (8-2) with λdry, λs, and 

λa as inputs. Then, λsat is approximated using the same Eq. (8-2) with the calculated x2, λs and λw as 

the inputs. It appears that λsat is often close to the boundary of the second phase (λw). Therefore, 

when λs is not known, it is reasonable to equate λsat to λw for highly porous materials. 
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8.2.2.2. Medium-density materials 

The λsat approximation is further applied to four medium-density materials [300, 301, 302], typical 

examples are clay and sand, and cement-based construction materials such as mortar and concrete. 

The parameters of these materials used in the calculations are listed in Table 8.4.  

Table 8.4 Parameters of four medium-density materials [294] for the calculation. 

  Peat [300] Sand [300] Concrete 
[301] 

Clay-
cement 
[302] 

Measured values     

Dry thermal conductivity, λdry (W·m-1·K-1) 0.10 0.15 0.42 0.43 

Saturated thermal conductivity, λsat (W·m-1·K-1) 0.73 1.85 1.16 1.50 

Porosity, φ (-) 0.77 0.55 0.20 0.48 

Density, ρ (kg·m-3) 600 1200 2142 1283 

Estimated values     

Solid Thermal conductivity, λs (W·m-1·K-1) 1.06 7.5 1.65 3.2 

Water Thermal conductivity, λw (W·m-1·K-1) 0.6 [303] 

Air Thermal conductivity, λa (W·m-1·K-1) 0.026 [303] 

The prediction of x2 from Eqs. (8-1) and (8-2) significantly deviate from the measured φ (Table 

8.5). However, it is observed that the measured φ falls between the calculated x2 values from Eqs. 

(8-1) and (8-2). To provide a more accurate approximation, Landauer’s relation (Eq. (8-5)), also 

known as Effective Medium Theory, is included as well. The prediction of x2 following Eq. (8-5) 

is shown to be closer to φ.  

The calculated λsat based on the calculated x2 (Table 8.5) and the measure φ are listed in Table 8.4. 

Similarly, λsat calculated from x2 using Eq. (8-5) is closer to the measured λsat. Additionally, Eq. (8-

5) forms the lower bound for the λsat estimation, while Eq. (8-1) remains the upper bound. 

Based on these findings, in the absence of direct λsat measurement, λsat can be approximated using 

Landauer’s relation for medium-density materials. However, its accuracy is lower than applying the 

parallel relation on highly porous materials. 

Table 8.5 Calculated contribution fraction (x2) using Eqs. (8-1), (8-2) and (8-5) based on λdry, λs and λa from 

Table 8.4. 

 Calculated x2 Measured 
Porosity φ Equations Series, Eq. (8-1) Parallel, Eq. (8-2) Landauer, Eq. (8-5) 

Peat 0.2414 0.9284 0.6994 0.77 

Sand 0.1676 0.9841 0.7113 0.55 

Concrete 0.0469 0.7574 0.5206 0.20 

Clay-cement 0.0528 0.8727 0.5994 0.48 
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Table 8.6 Calculated saturated thermal conductivity (λsat) using Eqs. (8-1), (8-2) and (8-5) based on x2 and φ 

(Table 8.5). 

 Calculated λsat Measured 
λsat Equations Series, 

Eq. (8-1) 
Parallel, 
Eq. (8-2) 

Landauer, 
Eq. (8-5) 

Series, 
Eq. (8-1) 

Parallel, 
Eq. (8-2) 

Landauer, 
Eq. (8-5) 

 x2,eq1 x2,eq2 x2,eq5 φ φ φ - 

Peat 0.8945 0.6329 0.7194 0.6654 0.7041 0.6886 0.73 

Sand 2.5619 0.7168 1.4214 1.0287 3.7257 2.4550 1.85 

Concrete 1.5249 0.8547 1.0169 1.2222 1.4400 1.3909 1.16 

Clay-cement 2.6045 0.9309 1.3005 1.0390 1.9520 1.6204 1.50 

8.2.3. Adaptation of solid-gas-water models to two-phase models 

A partially saturated porous material consists of three distinct phases: solid, water and gas, as 

illustrated in Fig. 8.3a. Within the pores, both water vapour and condensed water are treated as a 

single water phase. Analytical solutions for these tri-phase systems can be derived from multiphase 

models. This study simplifies the tri-phase solutions into two-phase solutions by introducing two 

arbitrary phases: the ‘solid-water’ phase and the ‘solid-gas’ phase, corresponding to saturated and 

dry conditions, respectively, as shown in Fig. 8.3b. 

The three-phase moist material is transformed into two separate two-phase components. The 

‘solid-water’ phase is represented by the effective saturated thermal conductivity (λsat) and an 

arbitrary contribution fraction (x2); the ‘solid-gas’ phase is represented by the effective dry thermal 

conductivity (λdry) and a corresponding arbitrary contribution fraction (1 - x2). The arbitrary 

contribution fraction x2 is assumed to be proportional to the physical degree of saturation (Sr) in 

the moist porous material. By assuming a similar volume fraction of the solid phase is allocated to 

the ‘solid-water’ phase, x2 is equivalent to Sr. Similarly, the contribution fraction for the ‘solid-gas’ 

phase can be equated to (1 – Sr). The relationship between Sr and water content (w in kg water / 

kg dry material) can be described using: 

𝑆𝑟 =
𝑤 · 𝜌𝑟

𝜙
 

(8-7) 

where ρr is the relative density of the dry porous material with respect to water (specific density of 

solid divided by water density), and φ is the amount of pore volume accessible to water. φ = 1 

represents the maximum amount of water the material can absorb in its saturated state, where Sr = 

1. φ is typically equivalent to open porosity but should include closed pores with vapour-permeable 

walls that are also accessible to water vapour. 
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Fig. 8.3 Effective thermal conductivity for moist materials represented in (a) three phases, and (b) two phases. 

This reduction transforms the tri-phase moist porous model into a two-phase model characterized 

by two parameters: effective dry thermal conductivity (λdry, where Sr = 0) and effective saturated 

thermal conductivity (λsat, where Sr = 1). λdry and λsat form the lower and upper boundary limits, 

respectively, of λeff(Sr). This approach eliminates the need for the solid phase parameter (λs). 

Measuring λs for a continuous solid state without any pore spaces in a porous material is impractical 

[304]. Moreover, λs values based on the main constituents of a material provide only an 

approximation.  

Based on these assumptions, the two-phase models are adapted for effective thermal conductivity, 

λeff(Sr), as follows: 

𝜆𝑒𝑓𝑓(𝑆𝑟) =
1

(1 − 𝑆𝑟) 𝜆𝑑𝑟𝑦⁄ + 𝑆𝑟 𝜆𝑠𝑎𝑡⁄
 

(8-8) 

𝜆𝑒𝑓𝑓(𝑆𝑟) = 𝜆𝑑𝑟𝑦(1 − 𝑆𝑟) + 𝜆𝑠𝑎𝑡𝑆𝑟 (8-9) 
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𝜆𝑒𝑓𝑓(𝑆𝑟) = 𝜆𝑑𝑟𝑦

𝜆𝑠𝑎𝑡 + 2𝜆𝑑𝑟𝑦 − 2(𝜆𝑑𝑟𝑦 − 𝜆𝑠𝑎𝑡)𝑆𝑟

𝜆𝑠𝑎𝑡 + 2𝜆𝑑𝑟𝑦 + (𝜆𝑑𝑟𝑦 − 𝜆𝑠𝑎𝑡)𝑆𝑟

 
(8-10) 

𝜆𝑒𝑓𝑓(𝑆𝑟) = 𝜆𝑠𝑎𝑡

𝜆𝑑𝑟𝑦 + 2𝜆𝑠𝑎𝑡 − 2(𝜆𝑠𝑎𝑡 − 𝜆𝑑𝑟𝑦)(1 − 𝑆𝑟)

𝜆𝑑𝑟𝑦 + 2𝜆𝑠𝑎𝑡 + (𝜆𝑠𝑎𝑡 − 𝜆𝑑𝑟𝑦)(1 − 𝑆𝑟)
 

(8-11) 

and 

𝜆𝑒𝑓𝑓(𝑆𝑟) =
1

4
{𝜆𝑠𝑎𝑡(3𝑆𝑟 − 1) + 𝜆𝑑𝑟𝑦(2 − 3𝑆𝑟) + √[𝜆𝑠𝑎𝑡(3𝑆𝑟 − 1) + 𝜆𝑑𝑟𝑦(2 − 3𝑆𝑟)]

2
+ 8𝜆𝑑𝑟𝑦𝜆𝑠𝑎𝑡} 

(8-12) 

Additionally, the exponential function in Eq. (8-7) is modified to: 

𝜆𝑒𝑓𝑓(𝑆𝑟) = 𝜆𝑑𝑟𝑦 ∙ 𝑒𝑥𝑝(𝐵′𝑆𝑟) (8-13) 

with B’ defined as: 

𝐵′ = 𝑙𝑛 (
𝜆𝑠𝑎𝑡

𝜆𝑑𝑟𝑦
) 

(8-14) 

An empirical relation based on Somerton et al. [305, 306] is included for comparison, suggesting 

the following correlation: 

𝜆𝑒𝑓𝑓(𝑆𝑟) = 𝜆𝑑𝑟𝑦(1 − √𝑆𝑟) + 𝜆𝑠𝑎𝑡√𝑆𝑟 (8-15) 

This relation is derived from partially brine-saturated quartz sand. This model follows a similar 

parallel relation but assigns a higher contribution fraction to the saturation phase. 

These models are illustrated in Fig. 8.4. Similar to the initial models, both series and parallel 

relations form the outermost lower and upper bounds, followed by the Maxwell-Eucken relations. 

Both Landauer’s and exponential relations fall within the bounds of Maxwell-Eucken’s relation. 

However, the Somerton relation is an outlier, suggesting a higher λeff than the parallel model. 
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Fig. 8.4 Different two-phase model approaches for effective thermal conductivity under moist conditions. 

The equations for λeff(Sr) require only two parameters: λdry (Sr = 0) and λsat (Sr = 1). The λdry is a 

commonly measured property for insulation materials. As discussed in the previous section, for 

highly porous material, λsat can be approximated using parallel relation with λdry, λa and λs. The 

results, however, are close to λw. When λs is not known, it is therefore reasonable to equate λsat to 

λw for highly porous materials. By making this assumption, the estimation of λeff(Sr) requires only 

one measured parameter, namely λdry.  

Other critical environmental parameters, particularly temperature, are assumed to be independent 

and constant in this study. This assumption simplifies the model but could be revisited in future 

studies to account for the temperature dependence of thermal conductivity, especially for materials 

and conditions where temperature variations are significant 

 

8.3. RESULTS AND DISCUSSION 

8.3.1. Model validation to highly porous insulation materials 

The validation of Eqs. (8-8) to (8-15) are conducted using materials featuring measured moisture-

dependent thermal conductivity data. Two established sources are used for model validation: the 

open-source MASEA database [294] and a commercial database [307]. Only materials with 

measured moisture-dependent thermal conductivity are considered, leading to a selection of 

thirteen porous insulation materials. These materials include various types such as stone wools, 

expanded polystyrene (EPS) foam, urea-formaldehyde (UF) foam, cork, phenolic (PF) foam, 
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polyurethane (PU) foam, extruded polystyrene (XPS) foam and glass fibres. Materials with 

estimated properties are excluded from the analysis. 

The measured moisture-dependent thermal conductivities are plotted against the corresponding 

degree of saturation (Sr), alongside the predicted values from Eqs. (8-8) to (8-15), as depicted in 

Fig. 8.5. The Sr is converted from water content (w) using Eq. (8-7) based on the measured 

porosity (φ) and bulk density (ρ). 

 

Fig. 8.5 Analytical solutions to approximate moisture-dependent thermal conductivities using Eqs. (8-8) to (8-

15), in comparison to measurement data of different porous insulation materials from the MASEA database from 

Fraunhofer-IBP (denoted 1) and material database from WUFI (denoted 2). 
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Overall, the measurement data generally falls within the upper and lower bounds set by both the 

series-parallel relations and Maxwell-Eucken’s relations. The fittings also indicate the validity of 

equating contribution fraction x2 to Sr in estimating λeff when applying Eqs. (8-8) to (8-15). 

 

Fig. 8.6 Similar to Fig. 8.5 but focusing only on lower degrees of saturation. 

At lower degrees of saturation (up to 0.2), the insulation materials tend to exhibit effective thermal 

conductivities closer to the lower bounds. In some instances, they align with the series relation, as 

illustrated in Fig. 8.6. In this lower saturation range, the majority of the measurements follow the 

trends of Maxwell-Eucken-1’s, exponential, and Landauer’s relations.  
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As the moisture content increases further, the effective thermal conductivities demonstrate an 

exponential trend. Most of the data points fall within a narrower upper bound set by Landauer’s 

relation and a lower bound set by exponential relations, as displayed in Fig. 8.5. It should be noted 

that the measurements do not follow the empirical square root correlation as suggested by 

Somerton. This could be due to the difference in porosity: Somerton’s relation is derived based on 

material with porosity between 0.3 and 0.5, while the insulation materials investigated in this section 

are highly porous (φ ≥ 0.9).  

Upon overall assessment, the measurement data does not perfectly conform to the derived 

solutions based on Eqs. (8-8) to (8-15). Nevertheless, the trends are notably consistent with an 

exponential trend. Specifically, the effective thermal conductivity increases gradually at lower 

moisture content levels and then exponentially approaches the thermal conductivity for a 

standalone water phase. Therefore, a single linear approximation would either underestimate the 

effective thermal conductivity at a lower water content range (if approximated using the entire 

water content range, similar to a parallel relation) or at a higher range (if approximated using only 

the lower water content range).  

 

Fig. 8.7 Scaled thermal conductivity (Eq. (8-16)) versus degree of saturation (Sr) for Eqs. (8-12) and (8-13), 

plotted against the overall measured data with the corresponding coefficient of determination R2. 

The analysis of the proposed solutions reveals that both Landauer’s and exponential relations, 

represented by Eqs. (8-12) and (8-13), provide the best fit for the measured data. The scaled 

thermal conductivity (λr) is defined as follows: 
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𝜆𝑟(𝑆𝑟) =
𝜆𝑒𝑓𝑓(𝑆𝑟) − 𝜆𝑑𝑟𝑦

𝜆𝑠𝑎𝑡 − 𝜆𝑑𝑟𝑦
 

(8-16) 

where λdry is the thermal conductivity for Sr = 0, and λsat is the one for Sr = 1. This is plotted against 

the corresponding Sr in Fig. 8.7. Both Landauer’s and exponential relations exhibit a high average 

coefficient of determination (R2), with values of 0.9799 and 0.9725 respectively. This indicates a 

strong correlation between the predicted and observed values. Furthermore, Eq. (8-12) could serve 

as the upper bound, while Eq. (8-13) could serve as the lower bound for the moisture-dependent 

thermal conductivity. 

8.3.2. Model validation to medium-density materials 

Eqs. (8-8) to (8-15) are further validated on different medium-density materials. Fig. 8.8 presents 

the moisture-dependent thermal conductivity for various concretes, specifically five different 

wood-clay concrete samples based on Bouguerra [302], and five different wood concrete samples 

from Taoukil et al. [301]. Fig. 8.10 shows the moisture-dependent thermal conductivity for ten 

different peat, soil, and sand samples based on He et al. [300]. The corresponding scaled thermal 

conductivity for Fig. 8.8 and Fig. 8.10 are plotted in Fig. 8.9 and Fig. 8.11, respectively. 

The effective thermal conductivity of medium-density materials in Fig. 8.8 no longer falls within 

the narrower bounds set by Landauer’s and exponential relations. Overall, the data are contained 

within the wider bounds set by Somerton’s and exponential relations, with most of them further 

falling within narrower bounds set by parallel and Landauer’s relation. Instead of an exponential 

trend exhibited by highly porous materials, the effective thermal conductivity of medium-density 

moist materials follows a linear trend, corresponding to an average R2 of 0.9721 for the parallel 

relation, as shown in Fig. 8.9.   

In contrast, the effective thermal conductivity of moist sand and soil follows more closely a square 

root trend, as shown in Fig. 8.10. This aligns with the empirical square root correlation suggested 

by Somerton. Somerton’s relation exhibits an average R2 of 0.9566, while the parallel relation has a 

lower R2 of 0.8989. Both Somerton’s and parallel relations can serve as upper and lower bounds, 

respectively, for soil and sand-type materials, as shown in Fig. 8.11. 
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Fig. 8.8 Analytical solutions to approximate moisture-dependent thermal conductivities using Eqs. (8-8) to (8-

15), in comparison to measurement data of different medium-density materials based on Bouguerra [302] 

(denoted 1) and Taoukil et al. [301] (denoted 2). 

 

Fig. 8.9 Scaled thermal conductivity (Eq. (8-17)) versus degree of saturation (Sr) for Eqs. (8-9) and (8-12), 

plotted against the overall measured data from Fig. 8.8 with the corresponding coefficient of determination R2. 
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Fig. 8.10 Analytical solutions to approximate moisture-dependent thermal conductivities using Eqs. (8-8) to (8-

15), in comparison to measurement data of different medium-density materials based on He et al. [300]. 

 

Fig. 8.11 Scaled thermal conductivity (Eq. (8-17)) versus degree of saturation (Sr) for Eqs. (8-9) and (8-15), 

plotted against the overall measured data from Fig. 8.10 with the corresponding coefficient of determination R2. 
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8.3.3. Parametric study and discussion 

Eqs. (8-8) to (8-15) utilize only two main parameters, namely effective dry thermal conductivity 

(λdry) and effective saturated thermal conductivity (λsat), without considering porosity, pore shapes, 

pore size distribution, or material types. From Fig. 8.5 to Fig. 8.11, a distinct pattern emerges, 

which is summarized in Fig. 8.12. For materials with low λdry (up to 0.05 W·m-1·K-1) and low λsat 

(around 0.6 W·m-1·K-1), their effective thermal conductivities fall within the narrow and lower 

boundaries set by exponential and Landauer’s relations. For materials with higher λdry and λsat, such 

as medium-density materials, the distribution of their effective thermal conductivity becomes 

broader. The upper bound shifts higher, limited by the parallel relation, and in the case of soil and 

sand, by Somerton’s relation. Similarly, the lower bound shifts upward, aligning with Landauer’s 

relation, and for soil and sand, with the parallel relation. 

When materials are categorized based on their bulk density (ρ) and porosity (φ), a similar pattern 

can be observed, as shown in Fig. 8.13. For materials with lower bulk densities (below 200        

kg·m-3) and higher porosity (above 0.9), their thermal conductivities fall within the exponential and 

Landauer’s relations. Additionally, materials with higher bulk densities and lower porosities exhibit 

effective thermal conductivities that generally follow a linear trend, albeit within a broader range.  

 

Fig. 8.12 Variations of scaled thermal conductivity with degrees of saturation at different dry thermal 

conductivity (λdry) and saturated thermal conductivity (λsat). 

For highly porous materials, the effective thermal conductivities do not show significant variation 

based on their constituents (organic or inorganic) or form (foam or fibrous mat). The low fraction 

of the solid phase in these materials diminishes the influence of the solid phase’s thermal 

conductivity on their overall thermal conductivity. Due to their highly porous structure, the water 
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phase does not form a continuous conduction path at a lower degree of saturation and only 

increases exponentially at a higher degree of saturation. 

Conversely, the thermal conductivity of the solid phase plays a more significant role in the effective 

thermal conductivity of medium-density materials. It can be observed that sand and soils with 

higher silica (sand) content align more closely with the upper Somerton’s relation, compared to 

samples with lower silica content, which are closer to a lower parallel relation (Fig. 8.10). The 

granulated form of these materials also contributes significantly. The presence of an additional 

water layer on granulated materials increases the surface area in contact with neighbouring particles, 

even at lower degrees of saturation, thereby enhancing the heat conduction paths, as indicated by 

Somerton’s relation.  

The broader range of effective thermal conductivity exhibited by the selected medium-density 

materials can be attributed to the inhomogeneous nature of the material constituents and 

microstructure, as well as moisture distribution in the moist materials. Additionally, the challenging 

measurement techniques used can introduce uncertainties to the results. This variability 

underscores the complexity of accurately predicting thermal conductivity in medium-density 

materials, highlighting the importance of considering both material composition and 

microstructural characteristics in thermal conductivity models. 

 

Fig. 8.13 Scaled thermal conductivity (Eq. (8-17)) versus degree of saturation (Sr) plotted against the overall 

measured data from Fig. 8.5, Fig. 8.8 and Fig. 8.10. The measured data are categorized based on their porosity 

(-) and density (kg·m-3). 
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8.4. CONCLUSION 

A straightforward and robust two-phase method is proposed to predict moisture-dependent 

thermal conductivity (λeff) for porous materials, of medium and high porosity. This approach adapts 

six analytical solutions from the multiphase model, including series-parallel, Maxwell-Eucken, 

Landauer’s, and exponential relations, for application to moist porous materials. By introducing an 

arbitrary effective dry phase and a saturated phase, the original tri-phase model, which includes 

solid, air, and water phases, is simplified into a two-phase model. This reduction streamlines the 

analysis and facilitates practical implementation. 

The proposed method requires only two parameters to predict λeff under different degrees of 

saturation (Sr): effective dry thermal conductivity (λdry, where Sr = 0) and effective saturated thermal 

conductivity (λsat, where Sr = 1). λdry and λsat form the lower and upper boundary limits, respectively, 

of λeff(Sr). 

For highly porous materials (φ ≥ 0.9), in the absence of direct λsat measurement, λsat can be obtained 

using the parallel relation. The contribution fraction x2 is first estimated using Eq. (8-2) with λdry, 

λs, and λa as inputs. Then, λsat is approximated using the same Eq. (8-2) with the calculated x2, λs 

and λw. It appears that λsat is often close to λw. Therefore, when λs is not known, it is reasonable to 

equate λsat to λw for highly porous materials. For medium-density materials, λsat can be obtained 

using Landauer’s relation following the same procedure, though with a lower accuracy. 

The validation results indicate that both Landauer’s relation, Eq. (8-12), and exponential relation, 

Eq. (8-13), provide the best fit to the measured data of partially saturated porous media, with 

average coefficients of determination (R2) at 0.9799 and 0.9725, respectively. Moreover, Landauer’s 

relation can serve as the upper bound, while the exponential relation can serve as the lower bound 

for moisture-dependent thermal conductivity.  

For medium-density materials, the distribution of their effective thermal conductivity becomes 

broader. The upper bound aligns with the parallel relation and, in the case of soil and sand, with 

Somerton’s relation. The lower bound aligns with Landauer’s relation and, for soil and sand, with 

the parallel relation. 

This proposed approach, grounded in commonly measured parameters, offers a practical method 

for predicting the thermal conductivity of moist porous insulation material. Its simplicity and 

reliance on readily available data enhance its feasibility for real-world implementation. 

Further assessments for model improvement include combining the study with temperature-

dependant thermal conductivity and evaluating the influence of material composition and 

microstructural characteristics to the models. 
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9. CONCLUSIONS AND RECOMMENDATIONS 

  

9.1.  CONCLUSIONS 

This thesis is dedicated to advancing the development of insulation materials for sustainable 

building performance. It is guided by four research objectives established at the outset, which aim 

to reduce energy demand, carbon emissions, and material demand in the building and construction 

sectors. The findings from seven research topics are presented in the preceding chapters, with key 

conclusions summarized as follows: 

In-depth analysis of bio-based insulation composites: Among the four bio-based composites 

(mycelium, hemp, grass, and cork) investigated, the cork composite exhibits the lowest thermal 

conductivity, low sorption properties and no risk of mould growth. The hemp, grass and mycelium 

composites have similar hygric properties and show deterioration under lab-based mould growth 

tests. The mycelium composite has the highest thermal conductivity and is vulnerable to mould 

growth in a humid environment. Simulations suggest that a timber frame wall with a fully ventilated 

cavity is more suitable for low-density bio-based insulation materials compared to a fully ventilated 

brick wall. The mould growth potential of the studied insulation materials is higher under temperate 

climates when compared to continental climates. 

Wheat and barley straws are investigated as substitutes for conventional insulation materials. Barley 

straws exhibit lower sorption capacity and thermal conductivity compared to wheat straws. They 

also show less intense mould growth, attributed to higher wax and lignin contents, lower sorption 

isotherms, and higher vapour diffusion due to the existence of macropores within stalk structures. 

These factors suggest that barley straws are more suitable as thermal insulation material than wheat 

straws. Half of the twenty-two simulated cases, representing different climate types, demonstrate a 

considerable probability of mould growth within the straw layers. The application of an antifungal 

surface treatment using boric acid on both wheat and barley straws substantially improves their 

resistance to mould growth. 

Development and evaluation of insulation composites from bio-based, waste-based, and 

by-products: Geopolymer is demonstrated as a viable alternative to OPC in wood wool 

geopolymer boards (WWGB) production. The WWGB samples meet both the prescribed 

minimum compressive strength (20 kPa) and bending strength (1700 kPa) requirements. 

Mechanical strength is primarily influenced by the Na2O concentration, followed by the GGBFS 

percentage and the modulus. The presence of natural fibres impacts the optimal value of Na2O 

concentration and modulus for compressive strength. Furthermore, WWGB made from treated 

wood wool exhibits higher bending strengths. Median thermal conductivities of WWGB fall within 

the range between 70 and 85 mW·m-1·K-1. WWGB show low moisture sorption and water vapour 

diffusion resistance and is primarily influenced by the fibre component. Bulk densities of WWGB 

range from 350 to 450 kg·m-3, and open porosities range from 70% to 80%.  

Further research is conducted on the development of straw geopolymer boards (SGB), where 

straws serve as alternative fibres for wood wool, and geopolymer functions as a substitute for OPC. 
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Environmental impact indicators are assessed for SGB and compared to WWGB and wood wool 

cement boards (WWCB). The investigation focuses on the implications of allocation methods for 

raw materials. Treating FA, GGBFS and straws as by-products results in significantly increased 

impact categories. Both SGB and WWGB exhibit higher environmental impacts across more than 

half of the 19 impact categories compared to WWCB. Overall, binders dominate most indicators, 

followed by heat curing and drying. Alkali treatment on fibre is another major contributor, 

especially when characteristic improvement is required for fibre substitution. Transportation plays 

a minimal role; however, it could become a dominant factor if raw materials are not locally 

produced. The study indicates the environmental benefits of substituting OPC with geopolymer in 

terms of global warming potential, however, it is less obvious when considering other impact 

indicators. However, utilizing straws as a substitute for wood wool reveals disadvantages in overall 

performance, making it less attractive as a solution.  

Alkali-activated lightweight aggregates are produced using stone wool as a precursor. The material 

characteristics of the fabricated stone wool-based aggregates are influenced by the proportion of 

milled stone wool and as-is stone wool in their compositions. It has been observed that the fibre 

morphology of as-is stone wool influences rheology, introducing a greater number of pores or 

defects, which results in a decrease in mechanical strength. The samples exhibit porosity between 

67% to 72%, and dry thermal conductivity ranging from 0.075 to 0.094 W·m-1·K-1. However, 

aggregates with higher porosity demonstrate increased thermal conductivity under humid 

conditions, attributed to their elevated moisture adsorption and water absorption capacity. 

Energy rehabilitation of existing building stocks: A typical Dutch building that has a cavity 

wall is simulated for its performance when filled in with an advanced aerogel composite. The indoor 

RH of the reference building is reduced, from an average of 60% RH for the original air cavity wall 

to 54% RH. The annual heating and cooling demands are significantly reduced, up to a 72% 

reduction compared to the original construction. The median predicted mean vote (PMV) 

improves from -1.5 (cool) of the original construction to -0.8 (slightly cool) of rehabilitated walls 

with aerogel composite, corresponding to the mean predicted percentage dissatisfied (PPD) of 51% 

and 18% of thermally dissatisfied occupants respectively.  

In the hydrothermal simulation involving the utilization of stone wool-based aggregates for crawl 

space rehabilitation, a notable reduction in water content and an increase in floor surface 

temperature are observed in the floor assembly of the rehabilitated crawl space partially filled with 

aggregates, compared to the original construction with an empty crawl space. This decrease in water 

content within the floor assembly presents potential advantages for maintaining the structural 

integrity of buildings and mitigating adverse impacts on occupant comfort and health. 

Furthermore, there is potential for a 5.4% reduction in heating energy consumption after 

rehabilitation. 

Moisture-dependent thermal conductivity: A generalized solution for moisture-dependent 

thermal conductivity (λeff) in a highly porous medium is developed, utilizing readily available 

parameters. By introducing arbitrary dry and saturated phases, the tri-phase model (solid, gas, and 

water) is simplified into a two-phase model. The proposed method requires only two parameters 

to predict λeff under different degrees of saturation (Sr): effective dry thermal conductivity (λdry) and 

effective saturated thermal (λsat). In the absence of direct λsat measurement, this λsat can be obtained 
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using λdry and the parallel relation for highly porous media and using Landauer’s relation for 

medium-density materials. Validation results indicate that both Landauer’s and exponential 

relations provide the upper bound and lower bounds, respectively, for λeff. For medium-density 

materials, the upper bound aligns with the parallel relation and the lower bound aligns with 

Landauer’s relation. 

 

9.2.  RESEARCH IMPLICATIONS 

The research conducted in this thesis represents an advancement in the development and 

understanding of sustainable insulation materials, with a particular focus on those derived from 

bio-based sources, waste, and by-products. This study underscores the potential of these materials 

and strategies to reduce energy demand, carbon emissions, and material consumption within the 

building and construction sectors. 

The findings reveal that while bio-based insulation materials such as straw, cork, hemp, and grass 

composites exhibit promising hygrothermal properties, they also face challenges related to moisture 

susceptibility and mould growth, particularly in humid climates. These issues must be addressed to 

ensure the long-term durability and performance of these materials. The application of boric acid 

treatment, as demonstrated with straw-based insulation, offers a promising approach to mitigate 

these risks, suggesting a viable method to enhance the durability of bio-based insulation materials. 

Additionally, the study highlights the importance of considering the specific application and 

climatic conditions when selecting bio-based materials to optimize their performance and 

durability. 

In the development of wood wool geopolymer boards (WWGB) and straw geopolymer boards 

(SGB), the research confirms the feasibility of substituting conventional ordinary Portland cement 

(OPC) with alternative binders such as fly ash-based geopolymer. However, the results are less 

satisfactory when replacing commercial wood wool with agricultural by-product straws, 

highlighting the challenges associated with using non-conventional bio-based materials. The life 

cycle assessment (LCA) results further emphasize the necessity of evaluating multiple 

environmental impact indicators, as material substitution can sometimes result in trade-offs in 

different aspects of sustainability performance. 

The research also illustrates that a one-size-fits-all solution for reducing energy demand, carbon 

emissions, and material consumption is challenging. For instance, the use of aerogel composites in 

cavity wall rehabilitation demonstrates a significant reduction in energy demand but also requires 

careful consideration of the carbon footprint and cost associated with aerogel production. In 

contrast, recycled stone wool used as insulation aggregates for crawl space rehabilitation offers only 

moderate improvements but represents an innovative approach to waste management and 

contributes to the circular economy. Similarly, bio-based insulation composites may offer lower 

embodied carbon and potential material savings, but their hygrothermal performance generally 

does not surpass that of conventional insulation materials, such as stone wool or polymer-based 

options. 
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Overall, this research underscores the importance of adopting a holistic approach to the 

development and application of insulation materials within the built environment. The choice of 

insulation materials should be guided by their intended application, overall building design, and 

climatic conditions. While bio-based and waste-based materials can contribute to reduced carbon 

emissions and material consumption, significant energy reductions, especially in space-constrained 

rehabilitation projects, may necessitate the use of advanced superinsulation materials like aerogel 

composites. 

In conclusion, this thesis highlights the need to balance immediate benefits with long-term 

implications for building performance, durability, and environmental sustainability. These findings 

provide valuable insights for future research and industry practices, offering a comprehensive 

perspective on various insulation solutions and contributing to the advancement of sustainable 

construction. 

 

9.3.  LIMITATIONS AND RECOMMENDATIONS 

This thesis presents several limitations, alongside recommendations for future research and 

development: 

Moisture transfer: The research primarily addresses vapour diffusion resistance, without 

considering the liquid transport coefficient for capillary water conduction. Future studies should 

comprehensively investigate all major moisture transport mechanisms, including vapour diffusion, 

capillary conduction, and surface diffusion. Moreover, further analysis of the vapour diffusion 

resistance factor in bio-based materials is warranted, particularly given the variations observed 

between wet-cup and dry-cup tests in Chapters 2 and 3. 

In-field monitoring and survey: The building performance simulations in Chapters 6 and 7 are 

based on a typical Dutch building with a cavity wall or narrow crawl space. To validate these 

simulations, in-field monitoring and survey campaigns are essential. Specifically, tracking indoor 

humidity, temperature, and energy demand for heating, cooling, and ventilation will help confirm 

the benefits of energy rehabilitation efforts. 

Durability vs sustainability: While natural bio-based insulation materials are biodegradable and 

reduce end-of-life environmental impacts, this biodegradability can compromise durability 

compared to conventional materials like mineral wool or polymer-based foams. Applying mould 

resistance treatments, such as boric acid (as discussed in Chapter 2), may enhance durability but 

introduce additional environmental burdens, as evidenced by the alkali treatment in Chapter 6. 

Therefore, comprehensive life cycle assessments of various durability treatments for bio-based 

materials should be conducted to evaluate the balance between durability and sustainability. 

Standardization of bio-based materials: Bio-based materials derived from agricultural by-

products or waste are inherently heterogeneous, and influenced by factors such as species type, 

growth environment, and handling methods. For instance, barley and wheat straws exhibit different 

material characteristics and durability performances, as shown in Chapter 3. Grouping them under 

a single category like “straws” can lead to inconsistent performance and reduced confidence in 
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their application. A systematic study of bio-based materials is necessary to establish standardization 

based on physical properties or chemical compositions, similar to the cement industry, to provide 

reliable references for manufacturers, end users, and regulators. 

Durability and leaching tests: The geopolymer-based composites developed in Chapters 4, 5, 

and 7 demonstrate satisfactory insulation and mechanical properties under laboratory conditions. 

However, durability and leaching tests were not conducted. Given that these composites are cured 

at 60°C without high-temperature sintering, it is recommended to perform leaching tests to assess 

potential environmental impacts. Additionally, durability tests should be conducted to evaluate the 

materials' performance under conditions such as exposure to sunlight, frost, or prolonged water 

immersion. 

Alternative precursors: The use of fly ash and ground granulated blast furnace slag (GGBFS) as 

precursors for geopolymer binders in Chapters 4 and 5 faces challenges due to the declining 

availability of these materials as coal power and blast furnace operations are phased out. 

Alternatives such as fly ash from municipal solid waste incineration or mineral wool waste, as 

explored in Chapter 7, should be considered. Further research is needed to evaluate these 

alternatives' effectiveness as binders for natural fibres, their compatibility, and their overall 

performance. 

Sustainable production of alkali activators: The environmental impact of conventional alkali 

activators, such as sodium hydroxide and sodium silicate solution, is significant in geopolymer 

production. Future research should focus on developing sustainable methods for producing alkali 

activators, considering both raw material sourcing and the environmental impact of manufacturing 

processes. 

End-of-life scenarios: The end-of-life scenarios for geopolymer-based composites require further 

exploration. While incineration is often assumed, alternative treatments such as crushing for reuse 

in different applications, resource recovery, or other methods aligned with circular economy 

principles should be thoroughly investigated. 
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APPENDIX A ADDITIONAL MATERIAL PROPERTIES 

 

Table A.1 Material properties for other components used in simulation [239]. 

 Solid 
brick 

Wood 
fibreboard 

Gypsum 
board 

Wood 
cladding 

Cellulose 
(reference) 

Bulk Density ρbulk, dried (kg·m-3) 1900 300 732 400 55 

Porosity (%) 0.24 0.8 0.72 0.9 0.93 

Specific Heat Capacity Cp (J·kg-1·K-1) 850 1400 1384 1880 2544 

Thermal Conductivity λ (W·m-1·K-1) 0.6 0.05 0.1925 0.086 0.0357 

Vapour Diffusion Resistance Factor 
µ (dimensionless) 

10 12.5 6.8 552 2 

Free Water Saturation wsat (%) 10 50 48 845 898 

 

Fig. A.1 Sorption curve for other components used in simulation [239]. Moisture content w after 99% RH is 

excluded from the plot for clarity, refer to wsat for 100% relative humidity in Table A.1. 

 

Fig. A.2 Liquid transport coefficient for other components used in simulation [239].  
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Table A.2 Main material properties for simulation. 

 
Barley 

Straws 

Wheat 

Straws 

Barley 

Straws 

(treated) 

Wheat 

Straws 

(treated) 

Lime 

Plaster 

Bulk Density ρbulk, dried (kg·m-3) 100 100 100 100 1600 

Porosity (%) 0.89 * 0.90 * 0.88 * 0.90 * 0.4 

Specific Heat Capacity Cp (J·kg-1·K-1) 1645 * 1735 * 1692 * 1745 * 850 

Thermal Conductivity λ (W·m-1·K-1) 0.052 * 0.061 * 0.054 * 0.059 * 0.7 

Vapour Diffusion Resistance Factor µ (-) 5 *# 5 *# 5 *# 5 *# 7 

Moisture Content at RH=80% (%) 0.13 * 0.14 * 0.14 * 0.15 * 0.02 

Note * The values are obtained from the experiments in this study. 
Note # A single µ-values of 5 was applied to all samples, averaged from the measurement results. Although the cup measurement 
results (wet-cup value higher than dry-cup value) are assumed to be due to swelling phenomena as discussed earlier, there is insufficient 
literature to support this assumption conclusively. Therefore, it was decided that an average value is more appropriate for all four 
samples since their individual values do not vary significantly from one another. 

 

Fig. A.3 Liquid transport coefficient and sorption isotherm for lime plaster. 

Table A.3 Material properties for solid brick, glass wool, stone wool and PU foam for simulation [239]. 

 Solid Brick Glass wool PU Foam Stone Wool 

Bulk density ρbulk, dried (kg·m-3) 1900 36 39 60 

Porosity (%) 0.24 0.986 0.99 0.95 

Specific heat capacity Cp (J·kg-1·K-1) 850 850 1470 850 

Thermal conductivity λ (W·m-1·K-1) 0.6 0.0343 0.025 0.04 

Vapour diffusion resistance factor µ (-) 10 1.3 88.93 1.3 

Free water saturation wsat (%) 10 1017 72 75 
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Fig. A.4 Sorption curve for solid brick, glass wool, stone wool and PU foam for simulation [239]. Moisture 

content after 99% RH is excluded from the plot for clarity, refer to wsat for 100% relative humidity in Table A.3. 

 

Fig. A.5 Liquid transport coefficient modelled for M86 aggregates. 
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APPENDIX B BOUNDARY CONDITIONS 

 

Table B.1 Summary of weather profile for simulated exterior climates. 

Climate profile (Köppen climate 

classification) 

Cfa Cfb Cfc Dfa Dfb Dfc 

Location Milan 

ITA 

Eindhoven 

NLD 

Tórshav 

FRO 

Kherson 

UKR 

Oslo 

NOR 

Sodankylä 

FIN 

Altitude (m) 103 22 61 54 96 183 

Temperature, mean (°C) 14.6 10.9 7.1 11.5 7.2 1.3 

Relative Humidity, mean (%) 72.6 79.5 82.7 73.4 72.8 79.4 

Wind Speed, mean (m·s-1) 1.8 3.8 6.6 2.9 2.7 2.6 

Normal Rain (mm·a-1) 754.5 733.7 1419.8 625.2 658.4 567.3 

Counter Radiation (kWh·m-2·a-1) 2978.9 2883.8 2715.3 2868.2 2661.8 2454.7 

Driving Rain Direction (-) NE SW West NW NE SE 

 

 

Fig. B.1 Simulated climates with temperature and relative humidity profiles plotted against Months. Note 

Köppen climate classification description: C – temperate, D – continental, f – no dry season, a – hot summer, b 

– warm summer, c – cold summer. 
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Table B.2 Summary of boundary and initial conditions. 

Exterior boundary conditions 

Climate Refer to Table B.1 and Fig. B.1 

Heat resistance (m2·K·W-1) 0.0588 

Short wave radiation absorptivity (-) - 

Long wave radiation emissivity (-) - 

Adhering fraction of rain (-) 0.7 

Interior boundary conditions 

Climate EN 13788 humidity class 3, temperature 20°C 

Heat resistance (m2·K·W-1) 0.125 

Initial conditions 

Relative humidity (-) 0.8 

Temperature in components (°C) 20 

 

Table B.3 Simulated cases. 

Climate 

Type 1 

Represented 

Location 2 

Temp 

(°C) 

RH (%) Rain 

(mm·a-1) 

Simulated 

Orient 3 

Wheat yield 

(hg·ha-1) 4 

Barley yield 

(hg·ha-1) 4 

BSk Baku, AZE 15.6 76.1 243.9 N        31,555         28,884  

BSh Coimbatore, IND 26.8 68.9 997.3 SW        35,334         28,372  

BWk Damascus, SYR 18.0 51.4 80.7 SW        22,927         20,617  

BWh Cairo, EGY 23.3 55.5 35.2 W        65,003         37,406  

Cfa Houston, USA 20.5 73.3 88.2 E        34,746         41,785  

Cfb Amsterdam, NLD 11.0 79.7 838.6 SW        93,781         72,588  

Cfc Auckland, NZL 15.7 80.7 1280.3 N        88,522         69,180  

Cwa Islamabad, PAK 22.3 60.0 904.1 E        28,059           9,682  

Cwb Addis Ababa, ETH 17.1 61.4 1633.5 S        29,705         25,012  

Cwc La Paz, BOL 7.8 59.7 975.8 E        11,993           8,943  

Csa Perth, AUS 18.6 61.4 577.1 W        16,917         19,878  

Csb Nakuru, KEN 18.6 67.9 1427.9 N        26,287         35,721  

Csc Chile Chico, CHL 8.2 65.3 706.0 NW        62,860         73,725  

Dfa Almaty, KAZ 10.0 63.0 716.1 SW        10,137         12,866  

Dfb Kyiv, UKR 9.7 71.8 659.3 NW        41,566         34,174  

Dfc Yellowknife, CAN -3.1 67.1 313.6 NE        33,834         38,066  

Dwa Pyongyang, PRK 9.4 73.7 1303.9 S        12,207         11,662  
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Climate 

Type 1 

Represented 

Location 2 

Temp 

(°C) 

RH (%) Rain 

(mm·a-1) 

Simulated 

Orient 3 

Wheat yield 

(hg·ha-1) 4 

Barley yield 

(hg·ha-1) 4 

Dwb Vladivostok, RUS 5.5 72.1 637.4 SE        27,016         24,001  

Dwc Mohe, CHN -3.2 65.2 426.8 NE        56,298         39,354  

Dsa Bishkek, KGZ 12.3 55.0 921.8 W        25,093         22,717  

Dsb Sivas, TUR 9.7 62.3 410.8 SE        27,811         26,565  

Dsc Soldotna, USA 3.2 71.1 187.7 E        34,746         41,785  

1 Climate type is as per Köppen climate classification: B = dry, C = temperate, D = continental, W = arid desert, S = semi-
Arid, w = dry winter, f = no dry season, s = dry summer, a = hot summer, b = warm summer, c = cold summer. 
2 ISO 3166-1 alpha-3 codes (three-letter country codes) are used to represent the countries. 
3 Simulated wall orientation is facing the driving rain direction: N = north, S = south, W = west, E = east. 
4 Quantity is based on the annual wheat and barley yield (hectogram/hectare) in the whole country in the year 2019. 

 

Table B.4 Summary of boundary and initial conditions. 

Exterior boundary conditions 

Climate Refer to Table B.3 

Heat resistance (m2·K·W-1) 0.0588 

Short wave radiation absorptivity (-) - 

Long wave radiation emissivity (-) - 

Adhering fraction of rain (-) 0.7 

Interior boundary conditions 

Climate EN 13788 humidity class 3, temperature 20°C 

Heat resistance (m2·K·W-1) 0.125 

Initial conditions 

Relative humidity (-) 0.8 

Temperature in components (°C) 20 
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Table B.5 Summary of weather profile for simulated exterior climate. 

Climate profile (Köppen climate classification) Cfb 

Location Eindhoven, NLD 

Altitude (m) 22 

Temperature, mean (°C) 10.9 

Relative humidity, mean (%) 79.5 

Wind speed, mean (m·s-1) 3.8 

Normal rain, sum (mm·a-1) 733.7 

Counter radiation, sum (kWh·m-2·a-1) 2883.8 

 

Fig. B.2 Simulated climate with temperature and relative humidity profiles plotted against months. 

Table B.6 Summary of boundary and initial conditions. 

Exterior boundary conditions 

Climate Refer to Table B.5 and Fig. B.2 

Heat resistance (m2·K·W-1) 0.0588 

Short wave radiation absorptivity (-) - 

Long wave radiation emissivity (-) - 

Adhering fraction of rain (-) 0.7 

Interior boundary conditions 

Climate EN 13788 humidity class 3, temperature 20°C 

Heat resistance (m2·K·W-1) 0.125 

Initial conditions 

Relative humidity (-) 0.8 

Temperature in components (°C) 20 
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Table B.7 Summary of boundary and initial conditions. 

Exterior boundary conditions 

Climate Refer to Table B.5 and Fig. B.2 

Climate (ground) Represented by sine curve (mean 11°C, amplitude 7°C) 

Heat resistance (m2·K·W-1) 0.04 (wall, window), 0 (floor), 0.1 (ceiling) 

Short wave radiation absorptivity (-) 0.4 

Long wave radiation emissivity (-) 0.9 

Shading no 

Linearized thermal bridge (W·m-1·K-1) 0.68 

Interior boundary conditions 

Heat resistance (m2·K·W-1) 0.13 (wall, window), 0.17 (floor), 0.1 (ceiling) 

Solar gain, inner distribution (-) 0.289 (wall), 0.028 (window), 0.131 (floor, ceiling) 

Daily heat gain, internal load (W) 8485 

Clothing, for PMW/PPD (clo) 0.7 

Air velocity, for PMV/PPD (m·s-1) 0.1 

Initial conditions 

Relative humidity in components (-) 0.8 

Temperature in components (°C) 20 

Relative humidity in room (-) 0.55 

Temperature in room (°C) 20 

CO2 concentration (ppmw) 400 
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LIST OF NOTATIONS 

 

ABBREVIATIONS 
ADP    abiotic depletion potential 

AP   acidification potential 

ATR   attenuated total reflection  

BFS    blast furnace slag 

CDW    construction and demolition waste 

DSC    differential scanning calorimetry 

DSV    dynamic vapour sorption 

DTG    derivative thermogravimetry 

EF    environmental footprint 

EP    eutrophication potential 

EPD    environmental product declaration 

EPA    expanded perlite aggregates 

EPS    expanded polystyrene 

ETP    eco-toxicity potential 

FA    fly ash 

FT-IR    Fourier transform-infrared  

GHG    greenhouse gas 

GGBFS   ground granulated blast furnace slag 

GWP    global warming potential  

HAM    heat, air and moisture transport 

HTP    human toxicity potential 

IEQ    indoor environmental quality 

IRP    ionizing radiation potential 

LCA    life cycle assessment 

LOI    loss on ignition 

luluc    land use and land use change 

LWA    lightweight aggregates 

micro-CT    micro-computed tomography 

ODP    depletion potential of the stratospheric ozone layer 

OPC    ordinary Portland cement 

PET    polyethylene terephthalate 

PF    phenol formaldehyde / phenolic 

PM    particulate matter emissions 

PMV    predicted mean vote 

POCP    formation potential of tropospheric ozone 

PPD    predicted percentage dissatisfied 

PU / PUR    polyurethane 

RH    relative humidity 

SEM    scanning electron microscope 

SGB    straw geopolymer board 

SQP    soil quality potential 

SSS    saturated salt solutions 

SWS    single-weighted scope 

TGA    thermogravimetric analysis 
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UF    urea-formaldehyde 

XPS    extruded polystyrene 

XRD    X-ray diffraction 

XRF    X-ray fluorescence spectrometry 

WW    wood wool 

WWCB   wood wool cement board 

WWGB   wood wool geopolymer board 

WDP    water deprivation potential 

 

NOMENCLATURES - LATIN: 

A (m2)    area 

Cp (J·kg-1·°C-1)   specific heat capacity 

d (m)    thickness 

Dw (m2·s-1)   liquid transport coefficient 

g (kg·m-2·s-1)   water vapour transmission rate 

E (kWh)   energy consumption 

H (J·m-3)   enthalpy 

hv (J·kg-1)   evaporation enthalpy of water 

Ix (%)    transmittance intensity at wavenumber x 

H (J)    enthalpy of the air in the simulated zone, 

m (kg)    mass 

mdry (kg)   dry mass 

p (Pa)    water vapour partial pressure 

P (kW)    power 

Q (W)    heat flow  

R-value (m2·K·W-1)  thermal resistance 

R2 (dimensionless)  coefficients of determination 

U-value (W·m-2·K-1)  thermal transmittance 

v (m3·m-3)   volume fraction 

w (kg·kg-1)   moisture or water content 

wsat (kg·kg-1)   free water saturation 

Ẇ (kg·s-1)   moisture flow 

t (s)    time 

T (°C)    temperature 

TL (dB)   sound transmission loss 
 

NOMENCLATURES - GREEK: 

α (dimensionless)  sound absorption coefficient 

λ (W·m-1·K-1)   effective thermal conductivity 

λdry (W·m-1·K-1)   effective dry thermal conductivity 

λsat (W·m-1·K-1)   effective saturated thermal conductivity 

σ10 (MPa)   compression stress at a strain of 10% 

σb (MPa)   bending strength 

δ (kg·m-1·s-1·Pa-1)  water vapour diffusion coefficient in air  

δair (kg·m-1·s-1·Pa-1)  water vapour permeability of air 

ρbulk (kg·m-3)   bulk density 

ρparticle (kg·m-3)   skeletal density 

φ (dimensionless)  porosity 

μ (dimensionless)  water vapour diffusion resistance factor  
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This thesis explores the development of insulation materials with 
the aim of enhancing sustainable building performance by re-
ducing energy consumption, carbon emissions, and material us-
age in the construction industry. The research is structured 
around four key areas. The first area focuses on bio-based insu-
lation composites, examining the durability and hygrothermal 
performance of materials such as straws, hemp, grass, cork, and 
mycelium. The findings emphasize the potential of these materi-
als as effective insulation solutions, while also identifying their 
limitations in various environmental conditions. The second area 
of research involves the development and evaluation of insula-
tion composites made from bio-based materials, industrial 
waste, and by-products. This section highlights innovative ap-
proaches such as substituting ordinary Portland cement with fly 
ash-based geopolymer, replacing wood wool with straw, and re-
cycling stone wool to create alkali-activated lightweight aggre-
gates. The third focus is on the energy rehabilitation of existing 
buildings, particularly through the use of advanced insulation 
strategies. The research investigates the application of aerogel 
composites in cavity walls and alkali-activated lightweight ag-
gregates made from recycled stone wool as ground cover insu-
lation in crawl spaces. Finally, the thesis proposes a simplified 
method for predicting moisture-dependent thermal conductivity 
of porous materials. In summary, this thesis underscores the po-
tential of bio-based and waste-based insulation materials to 
contribute significantly to sustainable building practices. It also 
addresses the challenges of balancing performance, durability, 
and environmental impact in the development of these innova-
tive materials.
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