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GENERAL DESCRIPTION OF THE THESIS 

Research topicality and problem statement 

The construction sector significantly contributes to environmental challenges in Latvia and 
globally, particularly in the context of the European Union's ambitious climate neutrality goals for 2050 
[1,2]. While essential for economic development, the world's construction sector faces mounting 
pressure to reduce its environmental footprint, especially concerning waste management and resource 
efficiency. The existing construction and demolition waste (CDW) management practices in Latvia [3], 
coupled with the sector's substantial carbon footprint, underscores the urgent need for innovative 
sustainable solutions that align with both national environmental policies [4] and EU directives for the 
circular economy transition [5]. 

One tonne of Portland cement is estimated to produce around 0.8 tonnes of CO2 GHG emissions. 
Around 8 % of global energy consumption is directly related to the Portland cement production process 
[6,7]. Consequently, introducing new alternative binder materials in the construction sector is vital for 
sustainability. Construction and demolition waste are great precursors to introducing new recycling 
methods and alternative materials to the market. The reactivation of Portland cement-based binders 
represents a crucial technological frontier in construction material recycling, offering promising 
pathways for waste reduction and resource optimisation. Current technologies, including mechanical 
[8], thermal [9], and chemical activation methods [10], demonstrate varying degrees of effectiveness 
in cement recovery and reuse. However, these processes often remain energy-intensive and 
economically challenging, highlighting the need for more efficient and sustainable approaches to 
binder recycling and reactivation [11]. 

Public perception and market scepticism of recycled building materials regarding their performance 
and reliability are significant barriers to widespread adoption [3]. Despite testing protocols and quality 
assurance measures that can validate the mechanical, physical, and durability properties of materials 
manufactured from secondary resources, these products often face unwarranted stigma in the 
construction market. This resistance highlights the need for technical innovation and systematic 
demonstration of performance metrics that meet or exceed industry standards. 

The recovery of hardened cement binder from construction and demolition waste streams primarily 
focuses on concrete and mortar recycling, where effectiveness largely depends on separation methods 
from aggregates through mechanical, thermal, or chemical processes [12,13]. However, these 
traditional sources are not the only potential feedstock. Wood-wool cement panels, which typically 
contain 25–40 % cement binder by weight [14], represent another significant source for cement 
recovery. Since their introduction in the 1920s, these materials have been widely used throughout 
Europe for their thermal insulation and acoustic properties. Approximately 174 million m2 of wood-
wool cement panels are expected to be manufactured globally, of which 25 % are manufactured in 
Europe [15]. This substantial production volume generates considerable manufacturing waste and 
defective and end-of-life products suitable for cement recovery.  

Wood and cement-containing production waste is generated by various processes in their 
manufacturing stages, such as forming, cutting, processing, and final sorting, where lower-quality 
materials are separated from higher-quality ones. Recycling end-of-life products is also feasible with 
the same processing methods as processing production waste. Traditionally, manufacturing waste and 
end-of-life products are sent to landfills. They can cause pollution, so optimal technologies are being 
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sought to efficiently recycle these wastes into raw materials (wood-wool and reactivated cement 
binder) that can be used to produce new building products.  

Considering the growing market demand for sustainable construction materials, there remains a 
critical gap in research regarding the effective recycling and reuse of wood-wool cement panel 
(WWCP) manufacturing wastes. Often, manufacturing companies do not realise the value of their 
waste or do not have access to optimal recycling technologies, and the waste is taken to landfills. This 
research addresses this gap by investigating innovative methods to transform manufacturing and end-
of-life waste into viable raw materials usable for producing building materials with lower 
environmental impact, thereby contributing to waste reduction and resource efficiency in the 
construction sector. 

The aim of the Thesis 

This Thesis aims to develop a method for partial separation and recycling of wood-wool cement 
panel manufacturing and demolition waste into new raw materials for innovative multilayered building 
panels with a decreased environmental footprint. 

Objectives of the Thesis 

To achieve the aim, the following objectives are set: 
1. Define requirements and develop a method for the most effective wood-wool cement board’s 

manufacturing and demolition waste separation into wood and hardened cement paste. 
2. Develop and optimise the method for reactivation of separated hardened cement paste. 
3. Determine properties of reactivated binder and define the application in the building industry. 
4. Develop and characterise properties of biobased composites for multilayer panels using 

reactivated binders and production line waste. 
5. Demonstrate application of multilayered panels in an industrial setting (TRL6).  
6. Validate the environmental viability of the developed materials by conducting a life cycle 

assessment and comparison with commercially available products. 

The scientific novelty of the research 

This research contributes to the circularity of building materials, Green Deal initiatives, and 
construction industry sustainability. The Thesis aims to develop a method for recycling wood-wool 
cement panel manufacturing and demolition waste into new raw materials for innovative multilayered 
building panels with a reduced environmental footprint. 

The waste from wood-wool cement panel manufacturing and end-of-life products was collected 
and analysed. The separation process for hydrated cement paste and wood-wool was optimised. The 
reactivation of hydrated cement paste through milling and heat treatment techniques was investigated 
to restore the binding properties of the cement binder. 

For the first time, the reactivated Portland-cement-based binders were developed using wood-wool 
cement panel manufacturing waste and end-of-life products. The separated wood-wool and reactivated 
cement binder were utilised to create novel biocomposites. These biocomposites, formulated from the 
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recovered raw materials, demonstrated diverse mechanical and thermal properties. The application of 
biocomposites (produced from recovered materials) in producing self-bearing multilayered building 
panels with excellent hydrothermal performance and a reduced environmental impact was 
demonstrated. 

The optimised milling parameters for processing hydrated cement paste effectively fragmented the 
hydrated cement conglomerates, releasing unhydrated cement minerals. The efficiency, characteristics, 
and effect of the hydrated cement paste's collision, planetary, and vibration mills were examined. 
Different reactivated binders were developed by changing the mills' parameters, which allowed 
obtaining samples with compressive strengths from 0.5 MPa to 15.4 MPa on day 28.   

The heat treatment methods proved the reactivation of the cement binder by dehydrating the 
hydrated minerals. The heat treatment started at around 450 ℃ when the portlandite started 
dehydrating. At 600 ℃, calcium silicate hydrates (C-S-H) started dehydrating, introducing dehydrated 
C-S-H products into the reactivated binder, which affected the physical and mechanical properties of 
the binder.  

Cement used in wood-wool cement panel manufacturing typically contains a certain amount of fine 
limestone. The free lime in the cement clinker and Ca(OH)2, which may form as hydration products in 
the binder structure, can undergo carbonation over the long service life of recycled wood-wool cement 
panels. The heat treatment of hydrated cement paste at 900 °C resulted in the decarbonization of 
CaCO3, but it proved inefficient as it released CO2 into the atmosphere, which was not the intended 
outcome. With heating energy emissions and the release of CO2 from the reaction, the high-temperature 
heat treatment method is not a sustainable method of reactivation of the cement binder. However, 
heating below 900 ℃ proved to be a more sustainable method, scalable to an industrial scale. The 
reactivated binders proved effective and could be used as a secondary cementitious binder in blended 
cement, achieving 1.6 MPa to 19.6 MPa compressive strength on the 28th day and lowering the 
environmental impact of said materials.  

The innovation related to improving biocomposites' thermal conductivity involves incorporating a 
certain amount of hemp shives into the composition. Based on the knowledge gained from the research, 
novel biocomposites have been developed mainly using production line waste, adding up to 75 % of 
hemp shives as filler material. Based on their microstructure, hemp shives have proven to be an 
effective thermal insulator, and their addition to the mix has been proven to decrease the thermal 
conductivity coefficient.  

Developed biocomposites resulted in a self-bearing, low-to-mid density (170–780 kg/m3) thermal 
insulation material with a compressive strength of up to 1.4 MPa and a thermal conductivity of 0.052–
0.139 W/(m·K). The developed biocomposites have been subjected to an environmental impact 
assessment and have been found to comply with the EU Green Deal guidelines, lowering the overall 
emission of 1 m3 of biocomposite by 26–58 % compared to cement-based alternatives. 

Practical relevance of the Thesis 

The reactivation of cement binders has been considered a complex, energy-intensive, inefficient 
process, and many countries do not have standards governing the production and use of reactivated 
cement in construction. From the perspective of the EU Green Deal, reactivated cementitious binders 
are an ideal solution to ensure the sustainability of construction processes: reactivated cementitious 
binders can use industrial by-products and waste as precursors, reducing the consumption of non-
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renewable resources and can be produced with reduced environmental impact compared to raw 
Portland-cement-based binder. 

A deeper understanding of the possibilities and advantages of using recycled binders can increase 
the popularity of the circular approach among professionals in the construction sector. The Thesis 
describes the results of studies on alternative binders produced from local industrial wastes using either 
milling or heat treatment, which allows for the efficient disposal of waste products. The results obtained 
in the Thesis can also be used for pedagogical purposes related to civil engineering, materials science, 
and chemistry. By transforming approximately 450 000 m³ of waste into potential raw materials 
annually, the research offers a tangible solution to industrial waste management. It demonstrates a clear 
pathway for converting what was once considered waste into valuable, eco-friendly construction 
materials with potential applications across the construction and manufacturing sectors. 

The production of a reactivated binder from industrial by-products allows obtaining a binder with 
a 28-day compressive strength of up to 20 MPa. Using the developed binders and wood waste as filler, 
a self-bearing, low-to-mid density (170–780 kg/m3) thermal insulation material with a compressive 
strength of up to 1.4 MPa and a thermal conductivity of 0.052–0.139 W/(m·K) was obtained. 

Research methodology 

Characterising the binder and biocomposites involved several standardised techniques to ensure 
accurate and reproducible results. For the binder, granulometry of sanding dust (waste stream from 
wood-wool cement panel manufacturing) was performed according to the ASTM C136 standard, using 
mesh sizes ranging from 0.125 mm to 8 mm. Post-mixing, the developed mortars were placed in a 
moistened cone on an ASTM C143 impact table, and the workability of the mortars was tested.  

Material density was calculated mathematically from the dimensions and weight of the samples. 
Compressive strength tests were conducted using a Zwick Z100 universal testing system at a 
0.5 mm/min speed. Cubic specimens were measured and weighed to calculate density, which was 
derived by dividing the mass by the volume. Compressive strength was calculated based on the force 
applied to the specimen's area. Specimens were dried at 45 ℃ for 16 hours before testing on days 7, 
14, and 28 to remove excess moisture. 

Cumulative particle size distribution was analysed using laser diffraction (CILAS 1090), ranging 
from 0.10 µm to 500.00 µm. X-ray fluorescence (XRF) was employed to determine the elemental 
composition of the samples using a Rigaku ZXS PrimusIV, providing a detailed chemical analysis. X-
ray diffractometric analysis was performed with a BRUKER-AXS D8 ADVANCE X-ray 
diffractometer, utilising CuKα1 and CuKα2 radiation in the 2θ range from 10° to 70°. Thermal 
properties were assessed using a Mettler Toledo TGA1/SF thermogravimetric analysis machine, with 
analyses conducted from 25 ℃ to 900 ℃ at 10 ℃/min in an air environment. 

For biocomposites, macrostructure and appearance were evaluated using a Veho HDMI Dual 
Vision Digital microscope. Thermal conductivity was measured with a LaserComp FOX600 heat 
flow meter according to LVS EN 12667 guidelines, with test settings of 0 ℃ for the upper plate and 
20 ℃ for the lower plate. The flexural and compressive strength tests were conducted using a Zwick 
Z100 universal testing machine at 0.5 mm/min, following BS EN 12390-3 standards. Compressive 
strength was measured in both parallel and perpendicular directions to the forming direction, with tests 
performed until 10 % and 20 % relative deformations in the casting direction and a load of 10 % of the 
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sample's height for the perpendicular direction. Flexural strength was measured perpendicular to the 
forming direction for three parallel samples. 

Life cycle analysis (LCA) principles were applied to assess the sustainability of binders and 
biocomposites. The analysis compared 1 kg of binder (developed binders and Portland cement) and 
biocomposites against commercially available alternatives like rock wool and EPS, maintaining a U-
value of 0.18 W/(m²K). Calculations were performed using the SimaPro platform, employing the NE 
15804 + A2 V1.03 method as per Product Category Rules (PCR) for building materials. 

Limits of research 

The research limits can be characterised by the following: 
• To obtain a technologically usable sanding dust fraction (< 0.25 mm) for reactivation 
experiments. 
• To obtain a reactivated binder with compressive strength of up to 20 MPa on day 28 by using 
the following reactivation methods:  

• collision milling at rotational frequencies of 25  Hz and 50 Hz for 1 to 5 times; 
• planetary ball milling with 300 RPM for the duration of 1 to 30 minutes; 
• vibration milling for the duration of 5 to 20 minutes; 
• heating in a muffle furnace from 300 ℃ to 1200 ℃ for 1 to 5 hours at the heating rate 
of 10 ℃/min;  
• heating in a rotary kiln at the speed of 25 RPM with a 5° inclination at 450 ℃ and 
900 ℃. 

• To obtain biocomposites as filler using production line waste or a mix of up to 75 % hemp 
shives, with a material density of 150–800 kg/m3, thermal conductivity coefficient of 0.05–0.15 
W/(m·K), and compressive strength of up to 1.5 MPa on the 28th day after formation. 

Theses for defence 

• Mechanical activation through optimised milling processes can effectively reactivate partially 
hydrated cement from wood-wool cement panel manufacturing wastes, producing a low-strength 
binder of up to 10 MPa on the 28th day, suitable for specific construction applications.  
• Heat treatment reactivation at controlled temperatures significantly enhances the binding 
properties of already hydrated cement-based materials, achieving up to 20 MPa compressive 
strength compared to mechanical activation.  
• Integrating reactivated cement binders with production line waste and hemp shives creates 
biocomposites that demonstrate comparable thermal insulation and mechanical properties to 
conventional construction materials while maintaining a low environmental impact.  
• The environmental impact assessment of the developed biocomposites confirms their alignment 
with EU Green Deal objectives, demonstrating a reduced carbon footprint of 26–58 % (47–
82 kg CO2 eq./m3 of biocomposite). Compared to traditional cement-based products 
(111 kg CO2 eq./m3 of biocomposite). 
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Composition and scope of the Thesis 

The Thesis comprises an annotation in two languages, a general description of the Thesis, nine 
main chapters divided into sections, conclusions, and a list of references. Chapters 1–3 review the 
literature and formulate the Thesis's aim and objectives. Chapters 4–7 outline the research methods and 
materials used and the results obtained through experimental analysis to achieve the objective. 
Chapter 8 compares the LCA results of the developed materials, and the Conclusions conclude the 
Thesis. 

The thesis comprises of 139 pages, 99 figures, 28 tables, and a reference list with 245 references. 
The thesis is written in English. 

Approbation of the Thesis results 

Participation in conferences. The key findings and methodological innovations have been 
shared and reviewed at international scientific conferences, allowing for expert opinion and 
feedback.  

1. Riga Technical University 62nd International Scientific Conference, Section “Civil 
Engineering,” Riga, Latvia, 28.10.2021. 

2. 5th International Conference “Innovative Materials, Structures and Technologies” IMST 2022, 
Riga, Latvia, 28–30.09.2022. 

3. Riga Technical University 63rd International Scientific Conference, Section “Civil 
Engineering,” Riga, Latvia, 10.11.2022. 

4. XVI International Scientific conference of environmental and climate technologies "Conect 
23”, Riga, Latvia, 10–12.05.2023. 

5. 5th International Conference on Bio-Based Building Materials “ICBBM 2023”, Austria, 
Vienna, 21–23.06.2023. 

6. Riga Technical University 64th International Scientific Conference, Section “Civil 
Engineering,” Riga, Latvia, 19.10.2023. 

7. XVII International Scientific Conference of Environmental and Climate Technologies “Conect 
2024”, Riga, Latvia, 15–17.05.2024. 

8. The 4th International Conference on Sustainable Development in Civil, Urban and 
Transportation Engineering “CUTE 2024”, Wroclaw, Poland, 14–16.10.2024. 

9. 6th International Conference on Bio-Based Building Materials “ICBBM 2025”, Rio de Janeiro, 
Brazil, 17–20.06.2025. 

Academic Publications. The research has been presented in four conference proceedings and five 
publications in scientific journals indexed in the SCOPUS database; in total, they have been cited 
83 times, h5-index – 5 (h-index – 6). The research has been published in such international journals 
as Recycling, Environmental and Climate Technologies, and Materials. 
Industrial Collaboration. The research was conducted in close collaboration with Cewood®, a 
leading producer of wood-wool cement panels, ensuring practical relevance and real-world 
applicability of the developed methods and materials. 
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1. ENVIRONMENTAL IMPACT AND CLIMATE STRATEGIES 
IN LATVIA 

The construction materials sector significantly impacts global resource consumption and 
environmental sustainability. It accounts for 33 % of energy-related CO2 emissions. Material 
consumption is a major concern, with construction materials representing about 50 % of all raw 
materials extracted globally [16]. Concrete production contributes about 8 % of global CO2 emissions, 
and the steel industry, heavily linked to construction, accounts for roughly 9 % [17]. Concrete 
production consumes around 10 % of the world's industrial water [18].    

Latvia's construction sector is vital to its economy, contributing significantly to the national GDP 
and employing a substantial workforce [19]. Latvia's extensive forest coverage makes timber a key 
construction material, raising sustainability issues regarding forest management [20]. There is also 
pressure from mineral extraction, with sand, gravel, limestone, and clay extraction impacting the 
environment [21]. Water quality is also affected by construction activities [22].    

Latvia is part of the European Union's climate neutrality plan, which aims for net-zero greenhouse 
gas emissions by 2050 [23]. The EU is targeting a 55 % reduction in embodied carbon emissions by 
2030 and 100 % by 2050, alongside promoting circular economy practices to manage construction and 
demolition waste (CDW) [24]. Latvia has committed to a 65 % reduction in greenhouse gas emissions 
by 2030 compared to 1990. It is working to reduce energy consumption in new buildings and renovate 
public buildings for better energy efficiency [25].    

Latvia's regulatory framework includes the Construction Law, Energy Efficiency of Buildings Law, 
and Public Procurement (GPP) regulations to promote sustainable construction [26]. Challenges 
include coordination between authorities, enforcement inconsistencies, and the need for a holistic 
approach to sustainability [27]. 

Latvia's construction sector generates a significant amount of waste [28]. The country's waste 
management framework, guided by EU directives, prioritises prevention, reuse, recycling, and 
recovery [29]. CDW is classified, with disposal fees varying. Challenges to circular CDW management 
include market issues, regulatory shortcomings, and citizen behaviour. Solutions involve government 
initiatives, market opportunities, and citizen engagement, including urban recycling centres [30].    

With the increased adoption of international frameworks, sustainability assessment in Latvia's 
construction sector is evolving [31]. Economic, social, and environmental factors are considered. Life 
cycle assessment (LCA) is a key tool for evaluating environmental impact [32]. 

 

https://contribution.usercontent.google.com/download?c=CgxiYXJkX3N0b3JhZ2USTxIMcmVxdWVzdF9kYXRhGj8KMDAwMDYzMjNmNGI4MTkzZDUwODEwM2FkOTBhMGFhOTdhZDVmMjJhYWU5YTdiYmY1YhILEgcQ_e706d4fGAE&filename=2.OPPORTUNITIES+FOR+INNOVATIVE+BUILDING+MATERIALS_v3.docx&opi=103135050
https://contribution.usercontent.google.com/download?c=CgxiYXJkX3N0b3JhZ2USTxIMcmVxdWVzdF9kYXRhGj8KMDAwMDYzMjNmNGI4MTkzZDUwODEwM2FkOTBhMGFhOTdhZDVmMjJhYWU5YTdiYmY1YhILEgcQ_e706d4fGAE&filename=2.OPPORTUNITIES+FOR+INNOVATIVE+BUILDING+MATERIALS_v3.docx&opi=103135050
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2. WOOD-WOOL CEMENT PANELS 
Wood-wool cement panels are made from spruce wood, chosen for its uniform cross-section. The 

wood is peeled, pruned, and dried on elevated surfaces for 6 to 12 months to ensure proper moisture 
migration. During this drying period, resins and sugars in the wood migrate to its surface [33]. The 
dried timber is cut into 50 cm blocks, the optimal size for manufacturing. Larger blocks are split, and 
offcuts are used for energy recovery. The blocks are placed on racks, ensuring a mix of wood to 
minimise dispersion during manufacturing. Moisture content is measured from sample blocks at the 
start of each shift, and this data is recorded. Water is added during manufacturing, and adjustments are 
made based on the wood's density. The blocks are shaved into wood fibres, which are then moistened.    

The wood wool is mixed with cement, and the ratio can be adjusted. The first stream of waste 
material (production line waste) is produced before the mixture reaches rotary dispersers and is 
collected at the end of the shift to be sent to a landfill. The mixture is fed into moulds, smoothed, and 
laid in two layers. Cement curing times vary, and adjustments are made to maintain quality. The panels 
are pressed, cut to 2.4 m lengths, and stacked for curing. Temperature is monitored during this process 
to prevent scorching. After curing, the panels are demoulded, milled, and sawn. This process generates 
additional waste. The panels are then moved to a second warehouse for further drying, which takes 
approximately 2–4 weeks. The drying process has been optimised to reduce drying time.    

Dried panels undergo quality control, where they are sanded, milled, and visually inspected. 
Sanding produces sanding dust, which is collected to avoid respiratory risks [34]. Defective panels, 
comprising 3–5 % of production, are mainly used for pallet material to reduce the dents of newly 
produced panels. The finished panels are stored in a warehouse before being transported.    

Wood-wool cement panels are used for both acoustic and construction purposes. Acoustic panels 
are used in interiors for sound insulation and noise absorption in offices, schools, and music halls. 
Construction panels are used in construction, insulation, and sound insulation [35].    

The manufacturing process uses spruce wood, white or grey cement, industrial water, and water-
based varnishes and colours. The process generates several waste streams, including production line 
waste, sawing waste, and sanding dust. There is potential to use the waste to develop biocomposites, 
utilising coarse wood-wool waste and modified sanding dust. The longer wood fibres can provide 
mechanical interlocking, and the sanding dust can act as a binder. This approach aims to create 
sustainable and economically viable biocomposites.    

 
 

 

https://contribution.usercontent.google.com/download?c=CgxiYXJkX3N0b3JhZ2USTxIMcmVxdWVzdF9kYXRhGj8KMDAwMDYzMjNmNGI4MTkzZDUwODEwM2FkOTBhMGFhOTdhZDVmMjJhYWU5YTdiYmY1YhILEgcQ_e706d4fGAE&filename=2.OPPORTUNITIES+FOR+INNOVATIVE+BUILDING+MATERIALS_v3.docx&opi=103135050
https://contribution.usercontent.google.com/download?c=CgxiYXJkX3N0b3JhZ2USTxIMcmVxdWVzdF9kYXRhGj8KMDAwMDYzMjNmNGI4MTkzZDUwODEwM2FkOTBhMGFhOTdhZDVmMjJhYWU5YTdiYmY1YhILEgcQ_e706d4fGAE&filename=2.OPPORTUNITIES+FOR+INNOVATIVE+BUILDING+MATERIALS_v3.docx&opi=103135050
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3. REACTIVATION OF PORTLAND CEMENT-BASED BINDERS 

As the demand for sustainable materials grows, researchers increasingly focus on the reactivation 
and recycling of Portland cement-based binders, particularly from cement-based production waste 
[36,37]. This multifaceted technological approach aims to revive the binding properties of partially 
hydrated cementitious materials, transforming waste into valuable construction resources [38,39]. By 
implementing advanced reactivation technologies, the industry can address significant environmental 
concerns such as waste generation, resource depletion, and carbon emissions [6]. 

Mechanical activation through milling processes significantly enhances cement reactivity by 
reducing particle sizes from 10–50 μm to less than 5 μm, increasing specific surface area, and 
introducing lattice strain and structural defects that accelerate chemical interactions [40]. Three primary 
milling techniques – planetary ball milling, collision milling, and vibratory milling – demonstrate 
unique capabilities in modifying material characteristics [41–43]. However, challenges remain 
regarding energy consumption, equipment wear, and potential particle agglomeration. 

Heat treatment represents another effective reactivation strategy, utilising various techniques, 
including pyrolysis, calcination, and incineration, to modify cement stone's physical and chemical 
properties [44]. Muffle furnaces, with their enclosed heating chambers and precise temperature control 
(typically 400–900 ℃), are ideal for laboratory-scale investigations, while rotary kilns offer advantages 
for continuous operation and industrial-scale processing [45]. Microwave heating has shown promise, 
with studies demonstrating up to 30 % increases in compressive strength compared to untreated 
samples due to selective molecular vibration and dielectric heating processes [46]. 

Milling technologies can increase CO2 emissions by around 30–50 % compared to conventional 
cement production due to the higher energy consumption [47]. Heat treatment must address scalability 
and economic feasibility [39]. Initial equipment costs for advanced heating technologies range from 
250,000 to € 1.5 million [48]. Chemical processing can reduce raw material consumption by 25–35 % 
[49], but costs are around 150–300 €/t of processed cement [50], and there is a potential risk of 
chemical waste and water pollution. Well-designed reactivation processes can reduce material 
procurement costs by 20–40 % compared to conventional production [51]. 
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4. MATERIALS AND METHODS 

4.1. Raw Materials 

Sanding Dust (SD) 

In the final manufacturing stage of wood-wool cement panels, cured and dried panels undergo 
cutting, edge treatment, and size calibration through sanding. A dust extraction system minimises dust 
and maintains a clean work environment to mitigate potential health risks from airborne dust exposure 
during sanding. The continuous grinding and filter-cleaning processes produce about 4–5 m3 of SD 
daily. The SD primarily consists of two key components: wood fibre particles and partially hydrated 
cement particles. Wood fibre particles are typically elongated and fibrous, resembling strands.  

In contrast, cement particles are usually much finer, appearing as small, irregularly shaped grains 
or fragments. Cement particle morphology is influenced by cement type, fineness, and hydration state. 

The SD originates from sanding the wood-wool cement panels after 3 to 4 weeks of hardening. 
72 wt.% of sawing dust is smaller than 0.25 mm; therefore, hydrated cement's fine nature and high 
content could be used as supplementary cementitious material or as a material for reactivation and 
production of new binder. 

Fine particles from SD are proposed as raw materials for developing binders to make biocomposites 
with production line waste (PLW) as filler. Binder recovery was examined through two different 
approaches: 

1. Mechanical reactivation with three different milling methods. 
2. Heat treatment from 300 °C to 1200 °C in a muffle furnace and 450 °C and 900 ℃ in a rotary 

kiln. 

Production Line Waste (PLW) 

This research used production line waste (PLW) as the bio-based aggregate for biocomposites. The 
material is spruce wood fibres ranging from 5 mm to 200 mm in length, from 1 mm to 1.5 mm in width 
and from 0.5 mm to 0.8 mm in thickness. The average bulk density is 250 kg/m3. The wood fibres are 
coated with hydrated cement from the manufacturing process. Most of the fibres have been separated 
from one another, except for small patches of fibres that have clumped together. The bio-based 
aggregates are checked before the sample preparation to avoid these hardened patches of material for 
a more homogenous structure. The visual appearance of the material can be observed in Fig. 4.1. 

 

Fig. 4.1. The visual appearance of PLW at different magnifications. 
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Other Materials 

Other materials include CEM II/A-LL 42.5 N and hemp shives. This type of cement (Schwenk, 
Latvia) is produced by blending ordinary Portland cement clinker (80–94 %) with limestone as a 
secondary constituent. The limestone component typically comprises 6–20 % of the cement 
composition. The rest are minor additional constituents, resulting in 0–5 % of the total cement 
composition [52]. Natural Fibre (Natūralus Pluoštas, Lithuania) produced hemp shives were utilised as 
additional bio-based aggregates to lower the thermal conductivity coefficient, as their thermal 
conductivity is 0.043 W/(m·K). The hemp shives supplied by this regional processor are the only ones 
suitable for making building materials. 64 % of the hemp shive particles range from 1 mm to 20 mm. 
The shives have an 80 kg/m3 bulk density and a 115 kg/m3 compacted bulk density [53].  

4.2. Modification of the Sanding Dust 

Sanding dust was sieved according to the process depicted in Section 4.1. The sieved fraction below 
0.2 mm was used as the binder precursor and processed in three mechanical mills and two heat 
treatment methods. For the investigation of the effect of milling on binder quality, sieved sanding dust 
was subjected to mechanical processing of: 

• collision milling using Desi Desi-16C (Estonia, 2016) at 25 Hz and 50 Hz frequencies for 1, 3, 
and 5 milling cycles); 
• planetary ball milling using Retsch PM 400 (Germany, 2007) of 1 to 30 minutes at 300 RPM; 
• vibration milling using Stankomash MV-20 (Russia, 2016) for 5, 10, 15, and 20 minutes. 
Assessing different reactivation mechanisms, sieved sanding dust was subjected to heat treatment 

using two methods: 
• heating in Uterna W-80 muffle furnace (Lithuania, 2012) for 1 to 5 hours at 300 ℃, 450 ℃, 
600 ℃, 750 ℃, 900 ℃, 1050 ℃, and 1200 ℃ at the heating rate of 10 ℃/min; 
• heating in Keramserviss KLR rotary kiln (Latvia, 2009) at 450 ℃ and 900 ℃ at 5° at 25 RPM. 
Altogether, 37 different binders were developed using 5 processing methods. Each binder is 

characterised in the respective Thesis chapter. 

4.3. Characterisation Techniques 

Granulometry of sanding dust was performed according to ASTM C136 [54] standard with a mesh 
size of 0.125 mm to 8 mm. 

The flowability of the mortars was tested on an EN 1015-3 impact table. The diameter and height 
of the cone were also measured. Twenty jolts were performed with the impact table, and the reaction 
of the mortar to this force was observed. The cone’s diameter was measured, and the cone’s flowability 
was analysed. 

The compressive strength was tested using a Zwick Z100 universal testing system (ZwickRoell, 
Kennesaw, GA, USA) at a 0.5 mm/min test speed. The samples were dried at 45 ℃ for 16 hours before 
testing to remove excess water from the structure, and were tested on days 7, 14, and 28. 

Cumulative particle size distribution of the materials obtained by laser diffraction (CILAS 1090, 
range 0.10–500.00 µm). 
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X-ray fluorescence (XRF) is a widely used analytical method for determining the elemental 
composition of a sample. The XRF was performed on a Rigaku ZXS PrimusIV. 

X-ray diffractometric (XRD) analysis of the material was carried out using a BRUKER-AXS D8 
ADVANCE X-ray diffractometer (Bruker, Billerica, MA, USA) using CuKα1 and CuKα2 radiation in 
the 2θ range from 10° to 70°.  

The physical properties of the temperature effect on the raw materials were determined using a 
Mettler-Toledo TGA1/SF thermogravimetric analysis machine. At the same time, Mettler STARe 
software helps to obtain thermograms through which mass changes and release of destruction products 
can be determined. The mode used for the analyses is 25–900 ℃ at 10 ℃/min in an air environment.  

Biocomposites were characterised using a digital microscope, Veho HDMI Dual Vision Digital, to 
assess the biocomposites' macrostructure and visual appearance.  

Thermal conductivity was measured with a LaserComp FOX600 heat flow meter; according to the 
standard LVS EN 12667 guidelines, the test settings were 0 °C for the upper and 20 °C for the lower 
plate.  

The compressive and flexural strength of the bio-based building materials was tested at 0.5 mm/min 
using Zwick Z100 universal testing equipment (ZwickRoell, Kennesaw, GA, USA) according to BS 
EN 12390-3 and LVS EN 826 standard.  

4.4. Life Cycle Assessment  

The environmental evaluation of the developed materials was conducted using the life cycle 
assessment (LCA) approach. Calculations were performed in SimaPro with the Ecoinvent 3.8 database. 
The primary goal was to compare the biocomposites made with existing insulation materials based on 
their thermal insulation properties. The functional unit was chosen for biocomposites to compare their 
thermal insulation effectiveness based on the U-value of 0.18 W/(m²·K) per m2 of either biocomposite 
or wall assembly. 

Comparisons were made with traditionally used building materials. Life cycle assessment results 
for these materials were taken from previous studies and adapted to match the functional unit used in 
this study [55]. To compare developed biocomposites with traditional building materials, a wall 
assembly with a wooden frame was made (see Table 4.1). The approximate thickness of the wall 
assembly is 36–39 cm. 

Table 4.1 

Wall Assembly Input Data 
Material Thickness, mm Amount, kg 

Wooden frame – 6.3 
Spun planks 25 17.5 

Developed insulation material 257–280* 92.4–122.1* 
Frontrock wool 30 1.8 
Anti-wind film – – 

Wood-wool cement panel 50 21.0 
* Depending on the binder type in the biocomposite. 
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5. MILLING EFFECT ON THE REACTIVATION OF THE SANDING 
DUST 

5.1. Sanding Dust Reactivated by Planetary Ball Mill 

Mix Design and Sample Preparation 

In this experiment, sanding dust (SD) was processed using a planetary ball mill to investigate its 
potential as a binder in mortar compositions. Eleven compositions were created, including two 
reference samples. The water-to-binder (W/B) ratio was adjusted for each sample to achieve a 15–
20 cm flowability after 20 revolutions on an impact table. The required amount of SD and water was 
mixed. The mixed material was formed in moulds (20 mm × 20 mm × 20 mm), covered in plastic film 
and left to cure at ambient conditions (atmospheric pressure, 20 ± 2 ℃) for 2 days; flowability and 
setting times were measured according to EN 196-3. Samples were cured in sealed plastic bags to 
maintain high humidity. Compressive strength was tested at 7, 14, and 28 days. For each testing time, 
six replicate samples were tested to obtain more reliable results.  

Results 

The results showed that milling the SD affected the material's properties. Increasing milling time 
influenced the workability and setting time of the material. For example, mortars made with SD milled 
for 1 minute showed good workability, and increasing milling time to 10 minutes further improved 
workability. However, excessive milling times decreased workability. Setting times varied with milling 
duration, with SD milled for 10 minutes, setting the fastest. 

Compressive strength generally increased with milling time, with the highest strength observed in 
samples milled for 15 minutes. However, milling beyond 15 minutes did not significantly increase 
strength (Fig. 5.1). 

 

Fig. 5.1. Summary of compressive strength results for the planetary ball milling method. 

The study concluded that milling SD in a planetary ball mill improves compressive strength and 
workability. The optimal processing parameters identified were 15 minutes of milling with a W/B ratio 
between 0.6 and 0.8 and curing in high-humidity conditions. 
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5.2. Sanding Dust Reactivated by Collision Milling 

Mix Design and Sample Preparation 

This section explores the use of sanding dust processed in a collision mill as a binder. Seven 
compositions were created, varying in processing frequency (25 Hz and 50 Hz) and number of 
processing cycles (1, 3, and 5). A reference sample series was also included. All compositions used a 
W/B ratio of 0.7. Samples (20 mm × 20 mm × 20 mm) were cured in a high-humidity environment 
(20 ± 2 ℃, RH > 90 %) for 5 days, then demoulded and cured at room temperature in a plastic bag to 
retain moisture. Compressive strength was measured at 7, 14, 28, 90, and 180 days. For each testing 
time, 4–5 replicate samples were created to obtain more reliable results. 

Results  

The results indicated that compressive strength improved over time for all samples (Fig. 5.2). As 
time progressed, there was a consistent increase in compressive strength across all samples. By day 14, 
compressive strength increased slightly to around 0.8–1.0 MPa; by day 28, it reached approximately 
1.5 MPa. The strength development continued significantly, reaching about 2.5–3.0 MPa by day 90. 

The most remarkable strength development occurred between days 90 and 180, where all samples 
showed substantial increases in compressive strength. Interestingly, on day 180, there was a notable 
differentiation between processing conditions. The D-3x-50Hz and D-5x-50Hz demonstrated higher 
compressive strengths at around 4.9–5.0 MPa compared to their 25 Hz counterparts (D-3x-25Hz and 
D-5x-25Hz), reaching 3.6–3.8 MPa. The D-SD sample reached 3.9 MPa on day 180, showing that 
milling at 25 Hz is insufficient to propose any enhancement to compressive strength. 

 
Fig. 5.2. Compilation of the compressive strength. 

The role of processing frequency (25 Hz vs 50 Hz) becomes more pronounced at later stages. By 
day 180, the 50 Hz processed samples show higher compressive strengths than the 25 Hz samples. This 
could indicate that SD processed at a higher frequency might lead to better particle distribution or more 
efficient reactivation of the partially hydrated cement in the SD. The multiple processing cycles (3 and 
5 times) at 50 Hz enhance this effect. 
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• the increasing strength suggests retarded but continued cement hydration processes and better 
bonding between wood particles and cement over time; 
• the higher frequency processing (50 Hz) creates a more optimal particle size distribution or 
exposes more surface area [56,57] of the partially hydrated cement for new hydration reactions 
[58]. 
The D-SD shows moderate performance in compressive strength, suggesting that mechanical 

processing in low frequencies does not influence the material's properties. 

5.3. Sanding Dust Reactivated by Vibration Mill 

Mix Design and Sample Preparation 

This experiment examined sanding dust processed in a vibration mill as a binder. Four compositions 
with varying milling durations and one reference composition were created. A W/B ratio of 0.8 was 
used for all samples (20 mm x 20 mm x 20 mm). Workability and setting times were measured, and 
samples were cured for 5 days (20 ± 2 ℃), followed by further curing in sealed bags. Compressive 
strength was tested at 7, 14, and 28 days. 

Results 

Flowability results indicated that all the mortars are workable using a W/B ratio of 0.8. Increasing 
the milling time of SD to 20 minutes reduces the workability of the material.  

Summarising the compressive strength results (Fig. 5.3), there is an increase in compressive 
strength with increasing milling time. Figure 5.6 shows the compressive strength data. The lowest 
compressive strength was obtained for V-SD, achieving 0.8 MPa on day 28. Marginally close V-5min 
achieved 0.9 MPa. Sample V-15 min achieved 1.4 MPa; the highest compressive strength was obtained 
for the V-20min, reaching 1.6 MPa on day 28. From these results, it can be concluded that increasing 
the milling time of SD can increase the compressive strength of the mortars.  

 

Fig. 5.3. Summary of compressive strength results for the vibratory milling method. 
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The compressive strength differences remain significant and even appear to widen slightly with 
time. This suggests that more prolonged milling continues to influence strength development 
persistently.  

5.4. Chapter Summary 

The research investigated the reactivation of sanding dust through different milling methods. 
Planetary ball milling demonstrated that high-humidity curing conditions yielded the best 

compressive strength results. Milling duration significantly impacted workability and compressive 
strength, achieving 7.0 MPa on the 28th day for SD milled for 30 minutes. 

Collision milling improved compressive strength, with higher processing frequencies leading to 
better results at later stages. However, the strength gain was not energy-efficient, as it achieved 1.7 MPa 
on the 28th day. 

Vibration milling showed that milling duration influences workability and compressive strength, 
offering a more scalable approach, reaching 1.6 MPa on the 28th day. 

Comparing the three methods, planetary ball milling achieved the highest strength but had limited 
scalability. Collision milling had moderate strength gains but poor energy efficiency. Vibration milling 
provided a balance of performance, energy efficiency, and scalability. 
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6. HEAT TREATMENT EFFECT ON THE REACTIVATION 
OF THE SANDING DUST 

6.1. Sanding Dust Reactivated by Heating in Muffle Furnace 

The heat treatment aimed to characterise the heat-treated SD mortar properties in raw and hydrated 
states to understand if this processing method has potential. Temperature was chosen in increments of 
150 ℃, starting from 300 ℃ to 1200 ℃, holding the selected temperature for four hours. Four hours 
was considered sufficient time to heat the entire batch of material. The temperatures were chosen based 
on studies available in the literature [59,60] and the results of the previous phase. 

Mix Design and Sample Preparation 

The mix designs are detailed in Table 6.1. Seven temperature-based compositions were created 
with a corresponding reference sample (M-SD-2) for sanding dust (SD) composition variations. The 
heat-treated SD was used as a binder. Different water-to-binder (W/B) ratios were used to achieve 
consistent workability across samples. One mass part of the proposed binder was used for each 
composition. 

Table 6.1  

Mix Design for Samples 

Sample M-SD-2 M-300-2 M-450-2 M-600-2 M-750-2 M-900-2 M-1050-2 M-1200-2 

Water, according 
to EN 196-3, mass 

parts 
0.70 0.60 0.73 0.60 0.65 0.65 0.70 0.25 

 
Samples were prepared using a Hubert automatic mixer at 140 RPM. 500 g of material was mixed 

with water (according to EN 196-3 standards) for 2 minutes, followed by manual stirring and an 
additional 2–3 minutes of mixing until homogeneous. The resulting mortar was moulded into Vicat 
apparatus rings and 20 mm × 20 mm × 20 mm moulds, which were then covered with plastic film. 
After a two-day initial curing period, samples were demoulded, labelled, and stored in sealed plastic 
bags for continued curing. Three parallel samples were tested on each testing day. 

Results 

The thermal behaviour of wood-wool cement panel sanding dust shows complex decomposition 
patterns of both lignocellulosic and cementitious materials. Thermogravimetric (TG) analysis (300–
900 ℃) reveals multiple mass loss stages, with corresponding DTA curves showing thermal events 
attributed to specific transformations (Fig. 6.1). The initial dehydration stage (50–150 ℃) shows 
~ 10 % mass loss, primarily from the evaporation of bound water [61,62], including adsorbed water 
from wood fibres [62,63], interlayer water from C-S-H gel [64], zeolitic water from AFm phases [65] 
and ettringite dehydration (90–120 ℃) [66]. The endothermic DTA character confirms these processes' 
dehydration nature. 
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The intermediate temperature region (150–400 ℃) exhibits a gradual mass decline corresponding 
to the thermal degradation of wood components [67–69]. This begins with hemicellulose 
decomposition (220–315 ℃) [67,69–71], followed by cellulose degradation initiation (315–400 ℃) 
[67,70,72]. Lignin decomposition occurs gradually across a broad temperature range (200–500 ℃) 
[62,66,67,69,71,73]. The cement phases also contribute to mass loss in this region through the 
dehydration of ettringite (AFt) around 120 ℃ and monosulfoaluminate (AFm) phases between 180–
200 ℃ [74]. 

A distinctive endothermic event occurs around 450 ℃, accompanied by a mass loss step, indicating 
the dihydroxylation of Ca(OH)₂ (Portlandite): Ca(OH)₂ → CaO + H₂O. This reaction is fundamental 
in cement chemistry and affects the material's subsequent carbonation behaviour [61,62,66–71,73,75–
78]. 

The most pronounced endothermic peak appears at approximately 750 ℃, coinciding with a sharp 
10–15 % mass loss, representing the decarbonisation of calcium carbonate: CaCO₃ → CaO + CO₂. The 
presence of CaCO₃ suggests either carbonation of Ca(OH)₂ during material processing/storage or 
limestone in the original cement composition [79]. The carbonation process in cement-based materials 
follows the reaction: Ca(OH)₂ + CO₂ → CaCO₃ + H₂O. This process is particularly relevant for fine 
particles like sanding dust due to their high surface area [61,62,66,68,69,71,73,76–78,80]. 

The heat-treated SD (300–900 ℃) demonstrates progressively reduced mass loss at lower 
temperatures, confirming the irreversibility of thermal decomposition processes. However, the 
persistence of some thermal events in pre-heated samples suggests several possibilities: 

1) incomplete reactions during initial heating due to kinetic limitations [81]; 
2) reformation of hydrates and carbonates during cooling/storage [82]; 
3) protection of some phases within the composite matrix [83]. 
The final residual mass between 70–95 % provides quantitative information about the total volatile 

and decomposable content, reflecting the combined effects of dehydration, dihydroxylation, and 
decarbonisation processes [84]. Heat treating SD to above 750 ℃ resulted in a small fraction of 
portlandite phase reforming during the cooling or storage process [85,86]. 

 
Fig. 6.1. a) TG, b) DTA curves for the samples. 
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The physical and mechanical properties of the materials were also re-investigated after the results 
of the first phase. The materials' elemental distribution and mineralogical composition were determined 
in cooperation with the cement manufacturer SCHWENK and their laboratory. The data on the 
elemental distribution are summarised in Table 6.2. As the temperature increases, the material 
undergoes phase changes and decomposition reactions, further explained by the TG/DTA graph shown 
in Fig. 6.1. 

The XRF data provided in Table 6.2 reveal significant changes in the oxide composition of wood-
wool cement panel manufacturing waste as it was heated from 0 ℃ to 1200 ℃. The most notable 
change is the substantial increase in CaO content from 51.11 % to a peak of 68.84 % at 1050 ℃, due 
to the decomposition of calcium-containing compounds such as calcium carbonates from hydrated 
cement, as can be seen from TG/DTA data in Fig. 6.11. Simultaneously, there is a decrease in CO2 
content from 25.12 % to 2.26 % at 1050 ℃, further indicating the breakdown of carbonates. The 
similar amounts of CO2 after 900 ℃ indicate that all carbonates have decomposed, and the remaining 
CO2 is crystalline-bonded CO2. SiO2 gradually increases from 17.02 % to 22.05 %, possibly resulting 
from the decomposition of calcium silicate hydrates in cement and the oxidation of silicon-containing 
compounds in wood. Al2O3 content rises slightly from 2.49 % to 3.13 % due to the dehydration of 
aluminium-containing phases in the cement.  

Table 6.2 

Oxide Distribution of Elements 

Sample SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 Mn2O3 P2O5 Cl CO2 Na2O 
eq 

M-SD-2 17.02 2.49 0.60 51.11 1.70 1.33 0.16 0.16 0.10 0.17 0.03 0.03 25.12 0.26 
M-450-2 18.28 2.72 0.67 56.96 1.79 1.56 0.19 0.19 0.11 0.17 0.03 0.03 19.72 0.31 
M-600-2 18.95 2.70 0.64 59.08 1.76 1.53 0.19 0.16 0.10 0.19 0.03 0.02 16.71 0.30 
M-750-2 20.01 2.91 0.68 63.60 1.81 1.56 0.19 0.17 0.11 0.19 0.04 0.02 8.70 0.30 
M-900-2 21.53 3.00 0.68 67.66 1.86 1.64 0.19 0.16 0.12 0.21 0.04 0.02 3.75 0.29 
M-1050-2 21.97 3.04 0.70 68.84 1.87 1.33 0.14 0.09 0.12 0.22 0.04 0.02 2.26 0.19 
M-1200-2 22.05 3.13 0.70 67.65 1.88 1.23 0.10 0.06 0.12 0.22 0.04 0.01 3.19 0.14 

 
Other oxides like Fe2O3, MgO, and minor components show relatively small changes throughout 

the heating process. SO3 increases slightly up to 900 ℃ before decreasing at higher temperatures, 
suggesting the decomposition of sulphate-containing phases [87]. Alkali oxides (Na2O and K2O) show 
slight increases up to 750 ℃, due to the concentration effects as other components degrade and then 
decrease due to volatilisation at high temperatures in the cement matrix [88]. These changes indicate 
the dehydration and decomposition of hydrated cement phases, breakdown of carbonates, and 
formation of calcium, silicon, and aluminium oxides typical of cement clinker as the temperature 
increases. 

This data is further explained by the XRD results, shown graphically in Figs. 6.2 and 6.3. The XRD 
analysis of the wood-wool cement panel sanding dust provides a comprehensive picture of the complex 
mineralogical transformations occurring as the material is subjected to increasing temperatures. This 
analysis is crucial for understanding the material's behaviour and potential applications in recycling or 
reuse strategies. 

At room temperature, the M-SD-2 composition reflects the containing carbonates and the 
carbonation process that occurs during the lifecycle of cement-based materials. Calcite (CaCO₃) is the 
predominant phase, indicating carbonation of the cement phases. This is a common phenomenon in 
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cement-based materials exposed to atmospheric CO₂ over time [89]. Small amounts of portlandite 
(Ca(OH)₂) also represent the remaining hydration products. Heat treating SD to above 750 ℃ resulted 
in a small fraction of portlandite phase reforming during the cooling or storage process [85,86]. 

 
Fig. 6.2. Summary of the mineralogical content of free lime, portlandite, and calcite. 

We observe decomposition reactions and phase transformations as the temperature increases. The 
portlandite decomposes around 450–600 ℃, converting to calcium oxide and water vapour. This aligns 
with the findings of Alarcon-Ruiz et al. [90], who noted this decomposition occurring typically between 
400–500 ℃ in cement pastes. 

The most dramatic change occurs with the thermal decomposition of calcite, which begins around 
600–700 ℃ and is essentially complete by 750 ℃. This process, represented by the reaction CaCO₃ → 
CaO + CO₂ ↑, is responsible for the significant mass loss observed in this temperature range. This 
decomposition's kinetics and exact temperature can vary based on particle size, heating rate, and CO₂ 
partial pressure in the environment [91]. 

Concurrently with these decomposition processes, the cement clinker phases (C3S and C2S) 
undergo significant transformations. The behaviour of alite (C₃S) and the various polymorphs of belite 
(C₂S) are particularly noteworthy. Alite content decreases with increasing temperature, likely due to its 
thermal instability and potential reaction with decomposition products. While pure alite typically 
decomposes around 1250 ℃, in complex systems like this, it can begin to transform at lower 
temperatures [92]. 

  

Fig. 6.3. Summary of the mineralogical content of the alite and belite phases. 

The belite phases exhibit a series of polymorphic transformations critical to understanding the 
material's evolving properties. The conversion of γ-C₂S to β-C₂S, becoming dominant above 725 ℃, 
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is a key transition. This transformation is significant because β-C₂S is more reactive than γ-C₂S, 
potentially enhancing the hydraulic activity of the thermally treated dust [93]. The appearance of small 
amounts of α-C₂S at higher temperatures (above 750 ℃) is intriguing and may be due to the stabilisation 
of this high-temperature polymorph by impurities or specific cooling conditions [94] 

These phase transformations have important implications for the potential reuse of the material. 
The increase in reactive phases like β-C₂S at higher temperatures suggests that thermal treatment could 
enhance the cementitious properties of the SD. This aligns with research by Shui et al. [79], who found 
that dehydrated cement pastes can regain hydraulic activity, potentially serving as a supplementary 
cementitious material. 

Another critical aspect is the presence and evolution of free lime (CaO) with increasing temperature 
(> 900 ℃). While some free lime benefits cement reactivity, excessive amounts can lead to expansion 
and durability issues in hardened cement-based materials. Therefore, carefully considering the optimal 
treatment temperature is necessary to balance the formation of reactive phases with the potential risks 
associated with high free lime content [95]. 

The materials' setting time and mechanical properties were determined. The reference sample M-
SD-2 showed the longest setting time, starting to set after about 10 h and finally setting after about 
24 h. Increasing the processing temperature allows for the material to set faster. For the M-300-2 
sample, the start of the setting was recorded at 5.5 hours, and the end of the setting was recorded at 
about 11 hours. Increasing the temperature to 450 ℃ (M-450-2) resulted in a significant decrease in 
setting time, with setting starting at just over one hour and ending at three hours. Further increasing the 
processing temperature to 600 ℃ (M-600-2), the setting time shifted by 40 minutes compared to the 
M-450-2 – the setting start was around 1 hour and 45 minutes and the end around 3 hours and 45 
minutes. The setting start for M-750-2 and M-900-2 samples was around 5 hours, ending at 8 hours. 
The M-1050-2 showed high setting times as they barely held together after 24 hours. The M-1200-2 
samples started to set after one hour and were fully set after just over two hours. This is explained by 
the amount of free lime in the material, which, when added to water, causes the lime to undergo a 
slaking reaction and set. 

The samples' compressive strength shows (Fig. 6.4) that heating the raw materials has affected 
them. Treatment at different temperatures initiates different mineral and chemical changes in the 
material; in the case of wood additives, it is heating at 450 ℃, where the wood particles burn to form 
charcoal, which can be considered a pozzolanic additive. For cement in M-SD-2, heating means 
dehydration of the hydrates formed, resulting in dehydration from the hydrate crystals and allowing 
the compounds to reset with water and form new hydration products. Figure 6.14 shows the 
compressive strength data obtained for the samples. 

 
Fig. 6.4. Summary of compressive strengths for the samples. 
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The compressive strength of the samples also increased as they aged, which is consistent with the 
theory of cement hydration, meaning that hydration was successful for these samples. In the results of 
day 2, it can be observed that the M-600-2 shows the highest compressive strength, reaching 2.2 MPa. 
As the samples aged, on day 7, the M-450-2 showed the highest compressive strength, reaching 
6.4 MPa, while the M-600-2 and M-900-2 also showed elevated results, reaching 5.2 MPa and 
4.1 MPa. As the samples aged to day 28, the compressive strength of all samples increased. For the M-
1050-2 and M-1200-2 between day 7 and day 28, the compressive strength increased rapidly from 
0.8 MPa to 8.5 MPa and from 1.1 MPa to 8.5 MPa, respectively. The M-450-2 and M-900-2 showed 
the highest compressive strengths, reaching 13.0 MPa and 19.6 MPa on day 28, respectively.  

6.2. Chapter Summary 

The results strongly indicate that thermal treatment is a viable method for reactivating sanding dust 
(SD) as a binder. The study shows the complex interplay between thermal processing and the resulting 
physical, chemical, and mineralogical transformations in SD, providing critical insights for tailoring 
this waste material's properties to approach those of virgin cement. 

Thermal gravimetric (TG) analysis across the 300–900 °C range reveals intricate decomposition 
patterns characteristic of both lignocellulosic and cementitious materials. The analysis highlights 
distinct mass loss (M-SD-2 loses 30 % of mass) stages and thermal events corresponding to specific 
chemical and physical changes, including initial dehydration till 200 ℃, thermal degradation of wood 
components at around 350 ℃, dihydroxylation of Ca(OH)₂ at 450 ℃, and decarbonisation of calcium 
carbonate starting at 650 ℃. Heat treatment influences these thermal events, reducing mass and 
mineralogically changing the composition of the SD. 

XRF data demonstrates significant shifts in SD oxide composition with heating from 0 ℃ to 
1200 ℃. A key observation is the increase in CaO content (0 % to 14 %) and the decrease in CO2 
content (25 % to 3 %), which are directly related to the decomposition of calcium-containing 
compounds. Oxide changes strongly suggest the transformation of hydrated cement phases and the 
development of compounds more akin to cement clinker. 

XRD analysis further details the mineralogical transformations during heating. At room 
temperature, calcite is the predominant phase at 33.3 %. As temperature increases, decomposition 
reactions and phase transformations occur, including the decomposition of portlandite and calcite, as 
described previously. Transformations within cement clinker phases are also observed. These 
mineralogical changes directly impact the material's potential for reuse as a binder. 

The study reveals that the processing temperature significantly influences setting time and 
compressive strength. Higher processing temperatures generally lead to faster setting times. 
Furthermore, thermal treatment demonstrably affects compressive strength development in the 
reactivated SD, achieving 13.0 MPa and 19.6 MPa for M-450-2 and M-900-2, respectively. 
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7. CHARACTERISATION AND PERFORMANCE 
OF BIOCOMPOSITES WITH REACTIVATED BINDERS 

7.1. Biocomposites with Mechanically Activated Binder 

Mix Design and Sample Preparation 

The binder used in this experiment is 20-minute vibration-milled, sieved sanding dust (V-20 min), 
and the filler is Production Line Waste (PLW), described in Section 4.1. Three compositions of bio-
based building materials were made with varying binder content. The mixture design is compiled in 
Table 7.1. 

Table 7.1  

Mix Design of the Developed Bio-Based Building Materials, Mass Parts 

Sample 
Binder PLW (Filler) 

V-20 min Water Dry Water for 
wetting* 

P1 10.0 7.0 
10.0 1.0 P2 5.0 3.5 

P3 3.0 2.1 
* The filler was moistened before mixing so that the filler did not absorb the water intended for the 

binder. 
 
A flowchart of the sample production process is shown in Fig. 7.1. One mass part of the water was 

used to wet the filler material for easier incorporation of the binder, which is added after three minutes 
of filler and water mixing. Based on the mix design, 10, 5, and 3 mass parts of the binder were gradually 
added to the wet filler material and mixed, resulting in a homogeneous coating of the fibres. Afterwards, 
the water necessary for the binder was added to the mix. For each composition, a W/B ratio of 0.7 was 
used. Then, the mixture was remixed to form a homogenous composition and formed in oiled moulds 
of dimensions 35 cm × 35 cm × 10 cm.  

 

Fig. 7.1. Flowchart for biocomposite production. 

Samples were demoulded after seven days, wrapped with plastic film, and cured for 21 days to 
ensure a minimal humidity loss for the rest of the curing process. After the curing process of 28 days, 
the plastic film was removed, and the samples were dried in a curing chamber at 45 ℃ till constant 
mass. 

Results and Discussion 

The material density of the samples ranges from 430 kg/m3 to 613 kg/m3. Sample P3 exhibited the 
lowest density (430 kg/m³), while sample P1 had the highest density (613 kg/m³). This variation stems 
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from the different binder content used during sample preparation, as documented in Table 7.1. The 
density values provide crucial guidance for material selection in applications where weight is critical, 
such as in lightweight construction elements or thermal insulation systems. 

The thermal conductivity of the samples ranges from 0.083 W/(m·K) to 0.117 W/(m·K). This 
parameter determines the rate at which heat flows through the material, and it is an important 
consideration when designing thermal insulation materials.  The dependence of thermal conductivity 
on material density is visualised in Fig. 7.2. A correlation between material density and thermal 
conductivity can be seen in a study by Sahmenko [96], where hempcrete samples were tested, 
differentiating the material density and thermal conductivity. It was found that even with different 
binders used, comparing that study to this study's developed materials, a conclusion can be drawn that 
these materials have lower thermal conductivity with the same material density. However, compressive 
strength is lower, as the binder is not strong.  

 

Fig. 7.2. Thermal conductivity dependence on material density.  

Based on the flexural and compressive strength values provided in Table 7.2, it can be concluded 
that the bio-based building material exhibits moderate to low strength characteristics. The flexural 
strength values range from 0.06 MPa to 0.24 MPa, indicating that the material is weak in resisting 
bending forces. The compressive strength values are also moderate, ranging from 0.06 MPa to 
0.47 MPa, depending on the forming direction. 

Table 7.2  

Mechanical Properties of the Developed Bio-Based Building Materials 

Sample Flexural 
strength, MPa 

Compressive strength based 
on the forming direction, MPa 

Parallel Perpendicular 
P1 0.24 0.47 0.33 

P2 0.11 0.26 0.09 

P3 0.06 0.18 0.06 

 
Comparing the three developed bio-based building material prototypes, the highest values in both 

directions of compressive strength and flexural strength are for sample P1, reaching 0.24 MPa of 
flexural strength and 0.47 MPa and 0.33 MPa in parallel and perpendicular compressive strength, 
respectively. The lowest values were found for sample P3, which confirms that the lowest amount of 
binder used would result in the lowest flexural and compressive strength. P3 showed 0.06 MPa of 
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flexural strength, 0.18 MPa and 0.06 MPa of compressive strength in parallel and perpendicular 
directions. The P2 sample reached a flexural strength of 0.11 MPa and a compressive strength of 
0.26 MPa in parallel and 0.09 MPa in perpendicular forming direction. The developed biocomposites 
had good thermal properties compared to other bio-based building materials. Biocomposites showed 
promise for use in envelope systems as the middle layer, filling the role of thermal insulation materials. 

7.2. Biocomposites with Thermally Treated Sanding Dust 

7.2.1. Biocomposites with Sanding Dust Treated at 450 ℃   

Mix Design and Sample Preparation 

Sanding dust (SD) heat-treated at 450 ℃ was used as a binder (M-450-2). Production line waste 
(PLW) described in Section 4.1 was used as filler. Three different bio-based building material 
compositions were created, each with a different amount of binder. In Table 7.3, the mixture design is 
compiled.  

Table 7.3  

Mix Design of the Biocomposites Made with SD Heat-Treated at 450 ℃, Mass Parts 

Sample 
Binder PLW (Filler) 

M-450-2 Water Dry Water for 
wetting* 

H12 1.00 0.60 
2.00 0.60 H13 0.67 0.40 

H14 0.50 0.30 
* The filler was moistened before mixing so that the filler did not absorb the water intended for the 

binder. 
 
Sample preparation was done according to the flowchart in Fig. 7.1. When the sample was created, 

a plate was placed on top to ensure pressure and a smoother surface structure. To improve the bonding 
between the binder and the wood fibres, an initial pressure of 571 Pa was applied to the samples. After 
applying initial pressure for 60 seconds, a weight was applied to the samples to maintain a secondary 
pressurisation of 65 Pa as they cured. After seven days, the samples were demoulded and covered in 
plastic film to ensure that there was as little loss of humidity as possible, and they were cured for 21 
days in room conditions (22 ± 2 ℃, RH < 50 %).  

Results 

 Thermal conductivity and mechanical properties of the developed biocomposites were evaluated. 
Mechanical properties include flexural and compressive strength. The samples were dried before 
testing for thermal conductivity. The curing chamber was set to 45 ℃, and the drying process was till 
the mass did not change (around one week). 

Material density and thermal conductivity have been compiled in Fig. 7.3. This figure reveals a 
positive correlation between material density and thermal conductivity in biocomposite materials with 
varying binder-to-filler ratios. Both properties show a clear upward trend as the ratio changes from 
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1 : 4 (H14) to 1 : 2 (H12). The H14 sample, with the highest filler content, shows the lowest values 
with approximately 370 kg/m³ material density and 0.068 W/(m·K) thermal conductivity. H13 (1 : 3 
ratio), both properties increase to about 390 kg/m³ and 0.071 W/(m·K), respectively. The H12 sample, 
with the lowest filler content (1 : 2 ratio), exhibits the highest values at roughly 415 kg/m³ and 
0.075 W/(m·K). 

 

Fig. 7.3. Thermal conductivity dependence on the material density of the biocomposite samples.  

This trend suggests that decreasing the filler content (or increasing the relative binder content) leads 
to denser materials with higher thermal conductivity [97]. This relationship is attributed to the binder 
potentially creating a more continuous matrix with fewer void spaces, resulting in better heat transfer 
pathways through the material [98]. However, it is worth noting that this is a relatively linear 
relationship, indicating a consistent impact of the binder-to-filler ratio on the biocomposites' physical 
and thermal properties [99]. This understanding could be valuable for tailoring the material properties 
for specific applications where either thermal insulation or conductivity is desired. 

Compressive and flexural strength analysis of samples H12, H13, and H14 (Fig. 7.4.) shows 
variations in mechanical properties. H12 has forming direction compressive strengths of 175 ± 10 kPa 
(10 % deformation) and 184 ± 14 kPa (20 % deformation) and flexural strength of 100 ± 28 kPa; 
perpendicular strengths are lower (97 ± 13 kPa and 87 ± 42 kPa, respectively). H13 exhibits lower 
compressive strengths (75 ± 10 kPa and 119 ± 15 kPa in the forming direction; 27 ± 2 kPa 
perpendicular) and flexural strengths (31 ± 1 kPa and 64 ± 21 kPa). H14's compressive strength is 
higher perpendicular to the forming direction at 10 % deformation (61 ± 7 kPa vs. 26 ± 8 kPa), but this 
reverses at 20 % deformation (62 ± 5 kPa). H14's flexural strength is 38 ± 8 kPa. Testing direction 
influences the samples' mechanical properties. For better data visualisation, see Figure 7.9. has been 
compiled with all the mechanical properties. 
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Fig. 7.4. Mechanical property compilation. 

7.2.2. Biocomposites with Sanding Dust Treated at 600 ℃ 

Mix Design and Sample Preparation 

Sanding dust (SD) heat-treated at 600 ℃ was used as a binder (M-600-2). The properties of the 
binder have been characterised in Section 6.1. Production line waste (PLW) and hemp shives were bio-
based aggregates. Additionally, to PLW, hemp shives were used to see how low the thermal 
conductivity coefficient can get, although hypothesising the result in low compressive strength. Mix 
designs of the biocomposites made with SD heated at 600 ℃ are compiled in Table 7.4. 

Table 7.4  

Mix Designs of the Biocomposites Made with SD Heated at 600 ℃, Mass Parts 

Sample 

Binder Filler 

M-600-2 Water 
Dry Water for 

wetting* PLW Hemp 
Shives 

PLW12 
1.00 0.60 

2.00  1.00 
Hemp12  2.00 2.40 
Mix12 1.00 1.00 1.80 
PLW21 

2.00 1.20 
2.00  0.50 

Hemp21  2.00 1.20 
Mix21 1.00 1.00 0.85 

* The filler was moistened before mixing so that the filler did not absorb the water intended 
for the binder. 

 
More water was used to wet hemp shives because they absorb more than PLW. The amount of water 

added to the binder was the same for all samples at 0.6 mass parts of the binder. This ratio was chosen 
based on the results of Chapter 6. A flowchart of the sample production process is shown in Fig. 7.1. 
After the mixture was moulded in the forms, the surface was smoothed with a plate to obtain better 
surface characteristics. The samples with the plate and the load were left to cure for the first seven days 
until the samples were demoulded and wrapped in plastic film to ensure humidity in the samples. The 
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biocomposites were cured for 14 days. The samples were dried at 45 ℃ until a constant sample mass 
was obtained. For the characterisation of the material, only dry samples were used. 

Results 

Six different sample compositions were produced: three samples had a binder-to-filler weight ratio 
of 1 : 2, while the other three samples had a binder-to-filler weight ratio of 2 : 1. The main physical 
and mechanical properties of the material, including structure, material density, thermal conductivity, 
and compressive and flexural strength, were determined in experimental studies. 

A clear positive correlation exists between material density and thermal conductivity across all 
samples (Fig. 7.5). The PLW21 sample stands out with notably higher values in both properties 
(782 kg/m³ material density and 0.139 W/(m·K) thermal conductivity), suggesting that production line 
waste at a 2 : 1 ratio creates a denser, more thermally conductive material. In contrast, Hemp12 shows 
the lowest values (171 kg/m³ and 0.052 W/(m·K)), indicating that hemp shives at a 1 : 2 ratio produce 
a lighter, more insulating material. 

 
Fig. 7.5. Thermal conductivity dependence of the material density of the PLW, Hemp and Mix 

samples.  

Foreseeably, the mix samples (Mix12 and Mix21) cluster together in the middle range (around 247–
447 kg/m³ and 0.057–0.083 W/(m·K)), suggesting that combining both fillers or using PLW at a lower 
ratio leads to intermediate properties. Hemp21 shows slightly higher values than Hemp12 but remains 
relatively lightweight compared to PLW samples, demonstrating how hemp shives consistently 
contribute to lighter composites regardless of ratio. This variation in properties based on filler type and 
ratio provides flexibility in tailoring the biocomposites for different applications, from insulation 
(hemp-rich compositions) to structural applications (PLW-rich compositions). 

Figure 7.6 shows the flexural strength results of the biocomposites produced. The biocomposites 
exhibit flexural strengths up to 288 kPa depending on the composition. 
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Fig. 7.6. Flexural strength of the samples. 

The results show that the presence of hemp shives in the material significantly reduces the flexural 
strength of the sample. This is due to the relatively lower contact zone and high water uptake in hemp 
shive biocomposites, which release bioactive substances, reducing the strength. 

Compressive strength was tested at 10 % strain for all samples and at the failure load for the PLW21 
sample, as this was the only sample where the load/deformation curves showed a pronounced failure 
of the material. Figure 7.7 shows the compressive strength results of the biocomposites produced. The 
compressive strength of the biocomposites produced parallel to the forming direction varies from 
0.02 MPa to 1.65 MPa, depending on the filler used and the binder/filler ratio. For the Mix12 samples, 
performing a compressive strength test was impossible due to the material being brittle. 

 

Fig. 7.7. Compressive strength of the biocomposites at 10 % strain. 

Compared to commercially available wood-wool cement panels, the PLW12 sample produced is 
similar in properties to commercial wood-wool cement panels with a compressive strength parallel to 
the direction of forming of 0.3 MPa. It should be noted that commercial wood-wool cement panels are 
produced more homogeneously, so the experimental results could be improved by modifying the 
fabrication technology. The PLW21 sample shows more than twice the compressive strength of 
PLW12, although the material density of these biocomposites differs by less than a factor of two. 

The compressive strength of the samples is perpendicular to the direction of forming, and in all 
cases, it is approximately twice as low as parallel to the direction of forming. This indicates that all the 
biocomposites produced are anisotropic and that their mechanical properties vary significantly 
depending on the orientation of the filler in the material and the operating direction. 

Given the study's objective to investigate the use of wood-wool cement panel production wastes, 
the two biocomposites produced (PLW12 and PLW21) were compared with commercially available 
acoustic wood-wool cement panel sheets produced by Cewood Ltd. The comparison is shown in Table 
7.5.  

0

100

200

300

400

PLW12 Hemp12 Mix12 PLW21 Hemp21 Mix21
Fl

ex
ur

al
 st

re
ng

th
, k

Pa

0.0
0.4
0.8
1.2
1.6
2.0

PLW12 Hemp12 Mix12 PLW21 Hemp21 Mix21

Co
m

pr
es

siv
e 

st
re

ng
th

, M
Pa

Parallel to the forming
direction
Perpendicular to forming
direction



37 
 

Table 7.5 
Comparison of the Properties of the Manufactured Biocomposites and the Wood-Wool Cement 

Panels Produced by Cewood Ltd.  

Property Cewood acoustic 
panel PLW12 PLW21 

Width of the fibre, mm 1.5 1.5 1.5 
Thickness, mm 25 40 31 

Material density of material, kg/m3 420 470 780 
Thermal conductivity (λD), W/(m·K) 0.066 0.080 0.139 

Flexural strength (EN 12089), kPa ≥ 1300 ≥ 75 ≥ 220 
Compressive strength (EN 826), kPa ≥ 300 ≥ 380 ≥ 1500 

 
As shown in the table, the biocomposites produced in the study have lower flexural strength 

(≥ 220 kPa PLW21 and ≥ 75 kPa PLW12) and higher compressive strength (≥ 1500 kPa PLW21 and 
≥ 380 kPa PLW12) than commercially available materials. Although commercial wood-wool cement 
panel products are made with fresh cement and longer wood shavings, the results of this study can be 
considered satisfactory. PLW21 is unsuitable for visual aspects, while PLW12 is comparable to 
Cewood panels. 

7.3. Biocomposites with CEM II/A-LL 42.5 N 

Mix Design and Sample Preparation  

CEM II/A-LL 42.5 N was used as the binder to compare the biocomposites' properties with the 
properties of biocomposites made with the developed binders. By using a commercially available 
binder, a comparison of the effectiveness of the developed binders can be made. 

Production line waste (PLW) was examined as a filler to produce biocomposites. The effect of the 
binder-to-filler ratio was examined and evaluated. The biocomposites were prepared with different 
CEM II/A-LL 42.5 N to PLW ratios (Table 7.9). The CEM II/A-LL 42.5 N to PLW ratio was 1 : 2, 
1 : 3, and 1 : 4. The water-to-filler (W/F) ratio was increased with the increase of PLW content in the 
mixture composition. The 1 : 2 mixture had a W/F ratio of 0.7. In mixture 1 : 3, it increased to 1.3; for 
1 : 4, the W/F increased to 1.6. In previous research, water could reach and be above a 1 : 1 ratio to 
filler content [100–102].  

A partial PLW substitution with the hemp shives (HS) was evaluated to reduce the material density 
of biocomposites. Previous research showed that adding HS allows the obtaining of biocomposites 
with a material density of 200 kg/m3 to 400 kg/m3 [103]. The replacement of 25 %, 50 % and 75 % by 
the weight of PLW with HS was assumed (Table 7.6). The CEM II/A-LL 42.5 N to filler ratio remained 
1 : 2 by weight. The bulk material density of HS is significantly lower than that of PLW (100 kg/m3 for 
HS compared to 300 kg/m3 for PLW).  
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Table 7.6  

Mix Designs of the Biocomposites Made with CEM II/A-LL 42.5 N, Mass Parts 

Sample 
Binder Filler 

CEM II/A-LL 42.5 N Water Dry Water for wetting* 
PLW Hemp Shives  

I 

1.0 0.4 

2.0  0.7 
II 3.0  1.3 

III 4.0  1.6 

H25 1.5 0.5 1.4 
H50 1.0 1.0 1.6 
H75 0.5 1.5 2.0 

* The filler was moistened before mixing so that the filler did not absorb the water intended 
for the binder. 

 
All dry components were weighed, but before mixing (Fig. 7.8 a)), fillers were mixed with water 

to wet the surface for 2 min (Fig. 7.8 b)). A single-shaft electrical mixer, RubiMix, was used for mixing. 
Then, CEM II/A-LL 42.5 N was added, and the mixture was homogenised for 2 min (Fig. 7.8 c)). Then, 
the mixture was cast in prepared moulds (Fig. 7.8 d)). The samples with a surface area of 
35 cm × 35 cm and a thickness of 5 cm to 10 cm were prepared for further testing. 

 
Fig. 7.8. Mixing procedure of biocomposites: a) PLW filler; b) filler wetting; c) binder incorporation 

in the mixture; d) casting of the biocomposite. 

Results and Discussion 

Figure 7.9 shows a clear transition in material behaviour. Samples I, II, and III (with PLW filler) 
show higher material densities (391–474 kg/m³) and thermal conductivity values (0.070–
0.082 W/(m·K)). As hemp shive percentage increases from 0 % to 75 %, material density and thermal 
conductivity decrease systematically, with H75 showing the lowest values of 197 kg/m³ and 
0.054 W/(m·K). This trend can be attributed to hemp's inherent lightweight nature and cellular 
structure, as documented by Arnaud and Gourlay [104]. 
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Fig. 7.9. Thermal conductivity dependence on material density.  

The compilation of data on mechanical strength is given in Fig. 7.10. H50 and H75 were too brittle 
to test, and thus, we concluded that those samples were not feasible for the objectives of this Thesis. 
The highest amount of CEM II/A-LL 42.5 N in the biocomposite Sample I shows a flexural strength 
of 0.31 MPa and compressive strength of 0.56 MPa at 20 % deformation. The reduction of the CEM 
II/A-LL 42.5 N (Sample II) led to a decrease in flexural strength of 0.12 MPa and compressive strength 
of 0.31 MPa at 20 % deformation. Flexural strength of Sample III achieved 0.06 MPa and a 
compressive strength of 0.21 MPa at 20 % deformation. However, the lowest strength was for a mixture 
with HS. It was possible to test only H25, and the flexural strength was 0.02 MPa, and the compressive 
strength achieved 0.20 MPa at 20 % deformation. 

 

Fig. 7.10. Mechanical strength compilation of biocomposites. 

7.4. Demonstration of Biocomposites 

The workability and feasibility of the biocomposite made with a mechanically activated binder 
were practically approbated in a semi-industrial setting. An experimental stand (Fig. 7.11) was built 
using two compositions of the developed biocomposites. The binder used was vibration-milled SD that 
was milled for 20 minutes. A vibration mill was used because of its capacity to mill larger amounts of 
material than a planetary mill. The filler was PLW (Fig. 4.1), collected from the WWCP manufacturing 
plant a few days prior to building. The construction of the experimental stand took two days. 
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Fig. 7.11. Timber frame of the experimental stand. 

Two walls were filled with the designed material. Both walls had slight variations in composition 
for the variety of results. On the first day, measurements of the materials were taken to increase work 
effectiveness later. The density of the dry wool was determined using a bucket of a specific volume 
into which the wool was placed and weighed, and the density was calculated. The bulk density was 
about 70 kg/m3, while when the material was compressed (simulating a fill in a partition), the density 
was about 200 kg/m3, which varied when the wool was wet or dry. In the case of wet wool, the density 
can reach 270 kg/m3. Both the binder and filler were weighed before each mixing.  

The inner and outer layers of the timber frame consisted of defective WWCP, which were then 
filled in the middle with the developed biocomposite. 

The filler was poured into a drum mixer, and water was added to moisten the wood-wool in the 
ratio of 0.15 of the mass of the filler. Then, the binder was added in the ratio of 0.25–0.30 of the filler 
mass and mixed. When the binder had been dispersed, more water was added in a ratio of 0.60 of the 
amount of the binder's mass. Everything was mixed for two minutes and, with slight packing, was filled 
into the wall.  

With the construction of this experimental stand, smaller laboratory-scale samples with dimensions 
600 mm x 600 mm x 180 mm were made (Fig. 7.12). The laboratory samples were made from two 
defective WWCPs fastened to each side of a wooden frame, with the top part also being a WCP. The 
middle layer of the panel consisted of the developed material. The panels were tested for their density 
and thermal conductivity. The composition of laboratory samples was the same as the experimental 
stand and was close to the P3 sample in Section 7.1. The density for the whole panel was 323 kg/m3 
with a thermal conductivity of 0.0709 W/(m·K). The middle layer was then taken out of the form and 
tested separately. It achieved a 245 kg/m3 density with a thermal conductivity of 0.0796 W/(m·K). 

 

Fig. 7.12. Laboratory sample of the experimental stand. 
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After the walls had been filled and sensors placed, the experimental stand looked as seen in Fig. 
7.13. Afterwards, construction of the experimental stand continued, with a roof, doors, façade, and 
heating system added. As of now, the house still stands and is in use. 

 

Fig. 7.13. Experimental stand completed with multilayer panels. 

7.5. Chapter Summary 

This research explored biocomposites with various binders for sustainable construction. 
Mechanically activated sanding dust (V-20 min) showed that higher binder content increased density 
(613–430 kg/m³) and improved mechanical properties, achieving up to 236 kPa flexural and 
469 kPa/330 kPa compressive strength (parallel/perpendicular). Conversely, lower binder content 
enhanced thermal insulation (down to 0.083 W/(m·K)), with an inverse relationship between strength 
and thermal performance observed across binders. 

Biocomposites with SD treated at 450 ℃ (369–415 kg/m³) showed similar density-thermal 
conductivity correlation (0.068–0.075 W/(m·K)). Denser samples had higher mechanical strength, and 
all samples displayed anisotropic behaviour. Composites with SD treated at 600 ℃ showed potential, 
but with binder adhesion issues affecting hemp shive mixes. Hemp improved thermal performance 
(down to 0.052 W/(m·K)) at the cost of mechanical strength. Portland cement composites using 
recycled wood-wool achieved 391–511 kg/m³ density. Hemp addition reduced density (down to 
197 kg/m³) and improved thermal performance (0.054 W/(m·K)), yielding self-bearing thermal 
insulation.    

Across binders, lower density improved thermal properties (hemp mixes reaching 0.052–
0.054 W/(m·K)), while higher density increased mechanical strength; anisotropic behaviour was 
common. Mechanically activated SD offers a balance of properties. Hemp shive addition is suited for 
a lower thermal insulation coefficient. Recycled wood-wool cement composites show circular 
economy potential. These biocomposites are viable alternatives for applications needing balanced 
strength and insulation, such as non-load-bearing walls and insulation. An experimental stand validated 
the workability of mechanically activated binder composites. Future work will optimise material 
properties, assess long-term performance and environmental impact, and scale production. 
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8. LIFE CYCLE ASSESSMENT OF THE DEVELOPED BUILDING 
MATERIALS 

Developed biocomposites with the proposed compressive strength of 0.05 MPa embedded in an 
envelope system were compared with commercially used envelope systems. Commercial systems 
included Autoclaved Aerated Concrete (AAC), Expanded Clay Cement Block (ECCB) and Ceramic 
Building Block (CBB) as load-bearing materials and expanded polystyrene (EPS), Stone Wool (SW) 
15 and 80 as thermal insulation materials. All compared envelope systems provide a U-value of 
0.18 W/m2·K. The system used with the developed biocomposites has a lot of thermal inertia, so a 
comparison was made with similar materials.  

The LCA data presented in Fig. 8.1 demonstrates the significant environmental advantage of the 
newly developed biocomposites compared to conventional building envelope systems. The four 
biocomposite variants (Vibro(0.05), 450(0.05), 600(0.05), and CEM(0.05)) exhibit remarkably lower 
carbon footprints, ranging from 6.9 kg CO2 eq. to 17.0 kg CO2 eq., with Vibro(0.05) showing the lowest 
environmental impact at just 6.9 kg CO2 eq. 

In contrast, conventional building systems display higher carbon emissions. The AAC-EPS system 
produces 67.8 kg CO2 eq., while AAC-SW 80 and ECCB-EPS generate 72.1 kg CO2 eq. and 70.8 kg 
CO2 eq., respectively. The highest emissions are associated with ECCB-SW 15 at 86.3 kg CO2 eq., 
followed by CBB-SW 80 (83.0 kg CO2 eq.) and CBB-EPS (79.7 kg CO2 eq.). 

 

Fig. 8.1. Emission comparison with conventional wall assembly systems. 

This comparison reveals that the biocomposites developed from wood-wool cement panel 
manufacturing and production line waste achieve carbon emissions reductions of approximately 75–
90 % compared to conventional systems. Even the highest-emitting biocomposite system (600(0.05) 
at 17.0 kg CO2 eq.) still produces only about 25 % of the carbon emissions of the most environmentally 
friendly conventional system (ACC-EPS at 67.8 kg CO2 eq.). 

These biocomposites represent a promising advancement for sustainable construction materials. 
Their ability to achieve the required thermal performance (U-value of 0.18 W/m²K) while dramatically 
reducing embodied carbon makes them particularly valuable for low-carbon building initiatives. The 
circular economy approach – repurposing manufacturing waste streams as binder and filler – aligns 
perfectly with growing industry demands for waste reduction and resource efficiency. 
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CONCLUSIONS 
This research explores recycling wood-wool cement panel (WWCP) waste through advanced 

material reactivation and biocomposite development, transforming industrial waste into potential 
construction materials via mechanical, thermal, and chemical treatments. 

Three milling techniques were investigated: 
• Collision milling produced a binder with up to 5 MPa compressive strength in 180 days (1.7 
MPa in 28 days).    
• Planetary ball milling improved sanding dust's cementitious properties; high humidity and 
water curing yielded compressive strengths of 1.9 MPa and 2.2 MPa, respectively, with the optimal 
water-to-binder ratio being 0.6–0.8. Milling for 15 minutes quadrupled compressive strength to 
6.50 MPa in 28 days.    
• Vibration milling's optimal processing time was 15 minutes for workability, while 20 minutes 
achieved 1.6 MPa compressive strength in 28 days.    
Two heat treatment methods were analysed: 
• Muffle furnace treatment showed optimal temperatures at 450 ℃ and 900 ℃, achieving 
compressive strengths of 13.0 MPa and 19.6 MPa on the 28th day.    
• Rotary kiln treatment at 450 °C and 900 °C improved strength (13.8 MPa and 18.6 MPa at 
180 days, ~10 MPa on day 28 for both compositions) compared to raw material (2.5 MPa on 
day 180 and 1.0 MPa on day 28).    
Mechanical activation achieved moderate strengths (5–15 MPa), while thermal treatments, 

especially muffle furnace treatment at 900°C, yielded the highest compressive strength (19.6 MPa).    
Biocomposites showed an inverse relationship between thermal and mechanical properties: higher 

binder content (P1) achieved better mechanical properties (236 kPa flexural, 469/330 kPa compression) 
at 613 kg/m³. In comparison, lower binder content (P3) provided better insulation (0.083 W/(m·K)) at 
430 kg/m³. Hemp shives substitution improved thermal performance, reducing thermal conductivity to 
0.054 W/(m·K).    

This research demonstrates the feasibility of transforming WWCP waste into valuable materials, 
balancing thermal insulation and mechanical strength, and promoting circular economy principles. 
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