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Abstract

Amid increasing demand for energy efficiency and reduced CO: emissions in the building
sector, natural fibres such as sheep wool are gaining attention as a sustainable raw
material for low-impact insulation materials. This review summarises the current state of
research on the thermal and acoustic properties of sheep wool-based composites and their
applications in low-carbon construction. The fibre structure, thermal conductivity,
hygroscopicity, heat storage capacity, and sound absorption coefficient are discussed,
highlighting the competitiveness of sheep wool compared to conventional synthetic and
mineral materials. The review also addresses the use of wool fibres in cement composites,
insulation panels, sound-absorbing materials, and sorption mats, emphasising their
potential in humidity regulation, acoustic comfort, and circular economy strategies. A
literature analysis indicates that utilising sheep wool waste can reduce environmental
impact, lower the carbon footprint of building materials, and enhance local agricultural
value. The review provides an overview of current knowledge on sustainable sheep wool-
based insulation materials and focuses on an interdisciplinary and quantitative approach
to the thermal, acoustic, and environmental performance of composites based on waste
sheep wool, combined with an analysis of their applicability in low-carbon construction
and circular economy frameworks. Future research should focus on assessing long-term
durability, material ageing under real service conditions, and standardised life cycle
assessment (LCA) methodologies to enable reliable comparison with conventional
insulation materials.

Keywords: sheep wool; carbon footprint; insulation materials; thermal conductivity;
low-carbon construction

1. Introduction

Today’s building industry faces two key challenges: reducing energy consumption
associated with building operation and limiting the negative impact of building materials
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on the climate and environment. The building sector accounts for a significant proportion
of energy consumption and greenhouse gas emissions, with figures of 40% and 36%
respectively in the EU [1,2]. One of the most important aspects of improving the energy
efficiency of buildings is the right selection of used materials. Thermal and acoustic
insulation is a key element in reducing heat loss and improving indoor comfort without
increasing the demand for energy needed for heating or cooling. In response to growing
regulations, the building materials sector is focusing its research on raw materials and
technologies with a low environmental footprint. Traditional insulation materials, such as
polyurethane foams and mineral wool, despite their excellent thermal insulation
properties, often have high emissions associated with their production and disposal
issues. As a result, there is a growing trend towards research into sustainable materials—
derived from natural raw materials or waste—that combine energy efficiency with
reduced environmental impact [3-5].

An example of the search for such solutions are building materials using natural
fibres, both plant and animal. They offer thermal conductivity values and good acoustic
properties that are competitive with traditional materials while also having a low carbon
footprint and being biodegradable. Their use results in a closed loop, in which local and
renewable materials replace conventional raw materials with high energy consumption
[6]. Wood is a popular natural material for construction, but it mainly serves as a load-
bearing material, and in order to improve its properties, it is essential to process it
appropriately, taking into account the efficient exploitation of wood resources [7,8].
Studies [9,10] have shown that plant fibres such as jute, hemp, and reed can form
composites with a thermal conductivity coefficient comparable to that of mineral wool or
polystyrene (approx. 0.03-0.05 W/m-K). A comparison of thermal properties of natural
materials is shown in Table 1. Furthermore, natural fibres such as flax or sheep wool, with
their porous, heterogeneous structure, exhibit better sound absorption due to the
increased dispersion of acoustic waves and energy loss within the material, making them
particularly attractive for sound-absorbing panels and wall insulation [4,11,12]. Sheep
wool is a waste material with a very low thermal coefficient and good acoustic properties,
so its use in construction can be very profitable in terms of the circular economy. It does
not require additional production or livestock costs, and is beneficial for farmers.

Table 1. Comparison of the thermal insulation properties of sheep wool and other natural fibres
[9,13].

Insulation Material Thermal Conductivity A [W/(m-K)]
Sheep wool 0.032-0.065
Jute 0.038-0.055
Hemp 0.04-0.05
Bagasse 0.046-0.055
Pineapple leaves 0.035-0.042
Expanded cork 0.037-0.045

Wool is a natural raw material obtained mainly from sheep, but also from other
animal species such as llamas, alpacas, vicuiias, cashmere and angora goats, camels, and
angora rabbits [14,15]. Sheep wool is one of the oldest natural fibres used by mankind and
remains an important subject of research in both a historical context and in relation to its
current industrial applications [16]. For thousands of years, this material has been
considered one of the most versatile natural resources and plays an important role in the
clothing and textile industries. However, the crisis and decline in sheep numbers in the
1990s led to problems with the rational use of sheep wool. Today, the annual production
of this raw material in the European Union exceeds 200,000 tonnes, with an average yield
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of 1.5 to 3 kg per sheep, and sheep wool is increasingly treated as a by-product of sheep
farming [17]. Traditionally, sheep wool has been used in the manufacture of clothing, but
in recent years, it has gained new significance as an ecological and functional raw material
used in innovative solutions in the fields of construction, acoustics, and thermal insulation
[18-20]. This is because it is a renewable resource and is therefore considered a sustainable
building material. The concept of sustainable development also includes the valorisation
of local building materials, including unwashed sheep wool, as a way to reduce waste and
protect the areas where it is sourced, such as rural areas and their landscapes. The use of
sheep wool waste as a natural, renewable and biodegradable building material is an
important part of efforts to reduce CO:z emissions and limit environmental degradation.
In practice, much of the unwashed wool has no practical or industrial use and is not
covered by recycling systems. As a result, it is often treated as problematic waste, the
disposal of which requires complex and costly measures. According to available data,
only a small percentage of sheep wool meets the market criteria (approximately 5%),
which means that annual shearing generates more costs than profits for producers. An
additional difficulty is the need for mandatory sterilisation at a high temperature (i.e., 130
°C) before disposal [21]. In accordance with European environmental regulations
(Regulation EC 1069 (2009), Regulation EU 142 (2011)), raw sheep wool must be sent to
specialised facilities for incineration or landfill, and only after prior washing or
disinfection may it be buried or incinerated without a permit [21]. Therefore, the use of
sheep wool waste in the production of building materials can contribute to reducing the
amount of waste generated and the pressure on the environment, increasing the
profitability of sheep farming, strengthening local supply chains, and implementing the
principles of the circular economy while also contributing to the objectives of the
European Green Deal [21,22].

In Poland, problems related to sheep wool management are particularly acute in
mountainous areas, where the Polish mountain sheep breed, well adapted to harsh
environmental conditions, is predominant. The wool obtained from this breed is classified
as mixed wool and has a three-fraction structure, comprising down, transitional, and hair
fractions, with the hair fraction accounting for the majority of the mass. The average fibre
diameter is between 50 and 70 um, which classifies it as coarse and long-fibre wool
compared to other types of wool [23]. The specific properties of mixed wool significantly
limit its suitability for processing as it requires advanced technologies, appropriate
infrastructure, and high levels of expertise in cleaning, dyeing and weaving processes,
which significantly increases the production costs [24]. As a result, the European textile
industry mainly relies on the use of fine-fibre merino wool, imported primarily from
Australia and New Zealand. For this reason, the search for alternative uses and methods
of recycling coarse-fibre wool is becoming increasingly important [25]. This review aims
to provide a comprehensive and structured overview of the current state of knowledge
on the valorisation of sheep wool fibres as bio-based components for sustainable, energy-
efficient building materials. The paper systematically addresses the origin and
physicochemical properties of sheep wool, followed by an analysis of its thermal, acoustic,
hygroscopic, and environmental performance in comparison with conventional insulation
materials. Particular attention is given to the application of sheep wool in cement-based
composites, thermal and acoustic insulation systems, and protective and sorptive
materials, highlighting both functional performance and environmental benefits. By
integrating material engineering aspects with circular economy principles and life cycle
considerations, this review identifies key knowledge gaps and outlines future research
directions necessary to support the wider implementation of sheep wool-based materials
in low-carbon construction.
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2. Properties of Sheep Wool as a Construction Material

Sheep wool is primarily composed of keratin, a protein rich in sulphur compounds,
which gives it its characteristic elasticity, flexibility, and ability to respond to changes in
temperature and humidity. Its fibres have a three-layer structure, and the scales covering
them are responsible for both the ease of felting and the self-cleaning properties of the
material [26-28]. The characteristic crimped structure of sheep wool fibres and the pres-
ence of microscopic air pockets trapped between them give this material very high ther-
mal insulation properties [29-31]. Research results indicate that sheep wool fibres have
high thermal insulation properties, which allows them to be used effectively in the pro-
duction of biodegradable packaging, including packaging dedicated to wine transport.
An important indicator confirming the suitability of sheep wool as an insulating material
is its low thermal conductivity coefficient (A), which in a dry state ranges from 0.035 to
0.045 W/(m-K), which places it at a level comparable to traditional insulation materials
such as mineral wool or polystyrene. It also reduces body heat loss by 20-30% compared
to cotton fabrics while maintaining the ability to protect against excessive heating [32,33].
Various types of sheep wool fibre composites combined with natural binders achieve a
thermal conductivity index of 0.0324 to 0.0436 W/(m-K), which classifies them as highly
effective thermal insulation materials [30]. Furthermore, it has been demonstrated that
adding 30% sheep wool fibres to polylactide (PLA) in composite biodegradable packaging
reduces the thermal conductivity of the material by 15-20% compared to pure PLA. In
addition, the biodegradation time of such composites in a composting environment is re-
duced by more than 30% compared to packaging made exclusively from PLA, confirming
the beneficial effect of sheep wool fibres on the functional and ecological properties of the
material [33]. Commercial sheep wool packaging, such as Woolcool® (Stone, UK), has been
shown in independent studies to maintain the temperature of refrigerated products be-
tween 2 and 8 °C for over 72 h, meeting the requirements for transporting food and phar-
maceutical products. In comparative tests, it demonstrated approximately 25% better in-
sulation efficiency than polystyrene packaging of the same thickness. In addition, thanks
to their ability to absorb moisture at a level of 35-40% of their own weight, they retain
their thermal insulation properties even in conditions of variable temperature and humid-
ity, which is important in the logistics of food and alcoholic beverages [32]. Clean sheep
wool fabric (without natural oils) is characterised by high moisture absorption capacity
(hygroscopicity), allowing it to bind up to 30% of water vapour in relation to its own
weight without any noticeable effect of dampness. Moisture penetrates the fibre structure,
and the accompanying heat release process helps to maintain favourable thermal condi-
tions for the user [34]. Sheep wool is naturally resistant to high temperatures and fire—it
does not melt or adhere to the skin. The material ignites only at temperatures between 560
and 600 °C, and this process does not involve the emission of toxic gases. Meeting the
criteria for fire reaction class B1 qualifies sheep wool as a flame-retardant material, which
also allows it to be used in the construction sector [35]. In addition, sheep wool absorbs
air pollutants (it can bind up to 92% of formaldehyde from the air within the first 24 h of
exposure), thereby improving the air quality in residential and commercial spaces [36]. In
addition, sheep wool is sound-absorbing. Depending on the thickness and density of the
composite made from it, its sound absorption coefficient is aw = 0.60-0.90, which means
very good acoustic parameters—comparable to mineral wool [30].

In the context of the circular economy, the use of sheep wool as a new raw material
for the production of building components is an important challenge. Sheep wool as a
building material has a significantly lower carbon footprint compared to conventional
mineral or synthetic insulation materials [21,37]. Life cycle assessments (LCAs) have
shown that sheep wool insulation produces approximately 5.4 kg of CO2 equivalent per 1
m?, while a comparable amount of mineral wool generates approximately 135 kg of CO:
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equivalent [38]. This low carbon footprint is primarily due to the fact that sheep wool is a
renewable resource, whose fibres regenerate naturally after each shearing, and the carbon
contained in these fibres comes indirectly from the plants consumed by sheep [39,40].

3. The Use of Sheep Wool in Composite Building Materials

Sheep wool as a raw material is becoming increasingly popular in materials engi-
neering due to its unique physical, ecological, and functional properties and the possibil-
ity of creating sustainable building composites. As a natural protein fibre, it is competitive
with traditional synthetic and mineral materials. Research on cement composites with
added sheep wool fibres has shown that these fibres can improve resistance to crack de-
velopment and influence the thermal and acoustic properties of the cement matrix [41,42].
Research by Yousif et al. [43] showed that concrete with added sheep wool exhibited in-
creased compressive strength compared to concrete without additives, and Maldonado-
Alameda et al. [44] obtained results showing that the addition of wool fibre improved the
insulating and acoustic properties while maintaining competitive mechanical parameters
compared to commercial building materials. Saaidia et al. [45] showed that sheep wool
insulation has high thermal insulation efficiency compared to standard materials, and
simulations showed a reduction in the annual heating demand of approximately 15%
when such insulation was used in practice. Furthermore, work on thermal insulation com-
posites based on sheep wool combined with resins has shown that these materials can
combine low thermal conductivity with low density [42]. The structure of sheep wool con-
tributes to high sound absorption coefficients [46]. Furthermore, its biodegradability and
local availability are additional advantages in the design of environmentally friendly
building materials that are in line with current trends in ‘green construction” and circular
economy strategies.

3.1. Cement Composites

Sheep wool fibres can be added to cement mortar and concrete, improving the elas-
ticity modulus and flexural strength and reducing water absorption and the chloride pen-
etration depth. Studies show that modified fibres can improve the properties of concrete
without compromising other performance parameters. Sheep wool fibres exhibit excep-
tional mechanical properties compared to synthetic fibres, as shown in Table 2 [42,45,47].

Table 2. Mechanical properties of sheep wool fibres compared to synthetic fibres.

Property Sheep Wool PP Synthetic Test Conditions
Tensile strength 120-180 MPa 35-50 MPa Dry, 10-20 mm gauge
Elongation 25-35% dry; 70% wet 10-20% Strain 10%/min

Young's modulus 2.3-3.4 GPa 3-5 GPa Linear region

The stress—strain curve of sheep wool fibre (Figure 1) shows three characteristic re-
gions: the linear region (stress increases linearly to a strain of 1-2%), a plastic region (strain
increases rapidly in relation to small increases in stress, up to approximately 25-30% elon-
gation), and a strengthening region (up to fibre breakage) [47].

The use of sheep wool fibres as dispersed reinforcement in cement composites leads
to varying effects on compressive strength, depending on the fibre content, their length,
and curing time. Studies have shown a general tendency for compressive strength to de-
crease with increasing sheep wool fibre content. Cardinale and colleagues conducted tests
on cement mortars with a constant water/cement ratio (w/c = 0.4) and varying sheep wool
fibre content (2%, 5%, 7% by dry weight). The results showed a 9.1% decrease in compres-
sive strength for mortar with 2% sheep wool fibres, and for higher contents, the decrease
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exceeded 80% [45,48]. Table 3 presents the properties of sheep wool-based composites
obtained by them. Despite the decrease in compressive strength, sheep wool fibres signif-
icantly improve the flexural strength and ductility of cement composites, especially in the
post-fracture phase. Alyousef and colleagues showed that sheep wool fibres (up to 1.5%
with a length of 70 mm) could reduce the compressive strength of concrete but signifi-
cantly improve its tensile and flexural strength as well as its ductility (with higher energy
absorption capacity). The results showed that the maximum flexural strength was
achieved at a content of 1.5%, and a further increase in fibre content led to a decrease in
strength due to the uneven distribution of fibres in the cement matrix [46,49]. Literature
studies [50] clearly indicate the existence of optimal ranges of sheep wool fibre content,
which vary depending on the nature and application requirements of a given material:

e Forinsulation panels: 20% sheep wool fibres by mortar weight,

e  Forload-bearing materials: 0.5-1.5% reinforcement fibres by weight of cement,

e  For semi-load-bearing materials: 7% sheep wool fibres, best compression properties:
4.9 MPa, thermal conductivity: 0.061 W/(m-K)).

16

14 A

12 4

10 1

Stress [MPa]

T T T T T T T T

5 10 15 20 25 30 35
Strain [%]

Figure 1. Stress—strain curve of sheep wool fibre (own work by Jakub Barwinek).

Table 3. Change in the properties of composites after adding sheep wool as reinforcement.

Fibre % (wt.) Length Comp. Strength oc Flexural Strength ot Conditions/Critique
2%; 5%; 7% Not specified =9%; =50%; —80% Significant improvement ~ Mortar w/c = 0.4; no dispersion aid — clumping
0-1.5% 70 mm Slight decrease +Max 1.5% Concrete; ductility peaks pre-agglomeration

3.2. Thermal Insulation Materials

Sheep wool is used to produce mats, panels, and insulation fillings used in residential
and industrial construction. Thanks to its low thermal conductivity coefficient (0.035-
0.042 W/mK) and moisture regulation properties, it is an ecological alternative to mineral
wool and polyurethane foam. The thermal conductivity of sheep wool is a key parameter
determining its thermal insulation capacity. Experimental studies have shown that the
thermal conductivity coefficient of sheep wool-based materials ranges from 0.032 to 0.054
W/(m-K) on average, with values varying depending on the density of the material, mois-
ture content, and processing methodology. The most optimal results were observed for
samples with the lowest density, where the thermal conductivity value was 0.0324
W/(mK) at a density of 116.27 kg/m?3. Compared to traditional insulation materials, such
as mineral wool with a conductivity of 0.040 W/(m-K), sheep wool has comparable or
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better thermal insulation properties. The thermal conductivity of sheep wool composites
was determined in accordance with ISO 17749:2018 [51] using a heat flow meter (HFM)
apparatus compliant with ISO 8301:1991 [52]. Table 4 presents a comparison of the ther-
mal insulation properties of individual materials currently used for building insulation
[53].

Table 4. Comparison of the thermal insulation properties of sheep wool and other insulation mate-

rials available on the market [13].

Insulation Material

Sheep wool

Mineral wool (glass wool)
Mineral wool (rock wool)
Polystyrene foam EPS
Extruded polystyrene XPS
Foam PUR/PIR
Cellulose (paper fibres)
Expanded cork

Therma{iﬁ:);flz)c]hwty A Characteristics

0.032-0.065 Natural material, hygroscopic, moisture buffering capacity, low
energy consumption in production

0.032-0.040 Non-flammable, good thermal insulation, sensitive to moisture
0.034-0.041 Non-flammable, higher density, good sound insulation
0.031-0.038 Lightweight, inexpensive, combustible, low diffusion resistance
0.029-0.036 Very low water absorption, high rigidity
0.022-0.028 Very low thermal conductivity, high carbon footprint
0.037-0.042 Eco-friendly, good heat accumulation
0.037-0.045 Natural, durable, biologically resistant

As shown in the table, sheep wool has a thermal conductivity comparable to other
natural insulation materials and mineral wool. Despite slightly higher A values compared
to PUR/PIR foams, its ability to regulate humidity and low environmental footprint make
it an attractive alternative in the context of sustainable construction. The fibrous structure
of sheep wool, shown in Figure 2, is composed of 60% keratin (fibrous protein), which is
responsible for its unique thermal insulation properties [54,55]. The natural crimp (wave)
of the fibres and the complex microstructure create a network of pores in which trapped
air acts as an effective barrier to heat transfer. Air, which is a poor heat conductor, acts as
an insulator by minimising convection and heat conduction through the material [42].

Crimped Wool Fibers - Air Pockets

Minimized Heat Conduction o Low Thermal
Conductivity

Air: Poor Heat Conductor Effective Thermal Insulation

Figure 2. Cross-section of the fibrous structure of sheep wool (own work by Jakub Barwinek with
the use of GPT-5.2 (from OpenAl)).

Studies have shown that as the density of the material increases, the thermal conduc-
tivity coefficient changes depending on the fibre configuration. In studies by Zach and
colleagues, conducted on samples with densities ranging from 20 to 40 kg/m?, a change in
thermal conductivity of 15-21% was observed in the temperature range from 10 to 40 °C.
Moisture content significantly affects conductivity —as the water content increases from
2% to 18%, the thermal conductivity coefficient increases from 0.045 to 0.06 W/(m-K). This
phenomenon is a consequence of the hygroscopic capacity of sheep wool, which can
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absorb moisture equivalent to 30% of its weight without significantly impairing its insu-
lating properties [56].

The thermal resistance of sheep wool materials is strongly dependent on the thick-
ness of the sample. In tests where samples with a thickness of 30 to 40 mm were analysed,
the maximum thermal resistance value was 1.171 m2? K/W for a sample with a thickness of
40 mm and a density of 138.74 kg/m?3. For practical construction applications where spe-
cific U-values are required, sheep wool materials meet the national standards for thermal
insulation materials [53]. The volumetric heat capacity of sheep wool ranges from 250,000
to 350,000 J/(m3-K) depending on moisture content, indicating good heat storage capacity.
This property is particularly advantageous in passive applications, where the material can
store heat during the day and release it at night, contributing to a reduction in the need
for mechanical air conditioning systems [57].

Keratin, the main component of sheep wool, has a natural ability to absorb water
vapour, which makes wool a hygroscopic material. The moisture buffer value (MBV) for
materials containing natural fibres is over 2 g/(% RH'm?), with optimal values achieved
with the addition of 5% natural fibres. This property is a critical advantage in building
applications where variable humidity conditions can lead to condensation and mould
growth. Unlike synthetic insulation materials, which can degrade in high humidity con-
ditions, sheep wool regulates indoor relative humidity through the passive absorption
and desorption of water vapour. The water vapour permeability of sheep wool materials
is approximately 1.07-1.19 (mg/(m-h-Pa)), indicating very good diffusion capacity. This
characteristic allows the structural integrity of the material to be maintained over a long
period of time, even in conditions of increased humidity, without the need for vapour
barriers—a function naturally performed by sheep wool [45].

3.3. Sound-Absorbing Materials

The sound absorption capacity of sheep wool is a consequence of its porous fibrous
structure and natural ability to disperse sound waves. The sound absorption coefficient
(SAC) for hot-pressed sheep wool is above 0.7 in the frequency range of 800-3150 Hz.
Particularly high SAC values were obtained for samples with the lowest density: sample
WH240_0.05 (pressed at 0.05 MPa and 80 °C) showed an absorption coefficient of 0.84 at
a frequency of 1000 Hz and 0.91 at 2500 Hz [58].

Material thickness is the dominant factor affecting sound absorption, especially in
the low frequency range. In comparative tests, a 50 mm thick sample achieved an absorp-
tion coefficient of over 0.72 in the 800-3150 Hz range, while a 25 mm thick sample showed
values of 0.59 under the same pressing parameters. This phenomenon results from the
elongation of the sound wave propagation path through the material, which leads to
greater energy losses through friction and the conversion of acoustic energy into heat [59].
Counterintuitively, materials with lower density (0.01 g/cm?) showed better absorption
properties than materials with higher density (0.61 g/cm?) when pressed at lower pres-
sures. The WH240_0.05 material (density 0.01 g/cm?) exhibited better sound absorption
properties in the frequency range below 2000 Hz compared to WH240_4 (density 0.61
g/cm?). This relationship is due to the higher porosity and air permeability of lower den-
sity materials, which allows for better propagation and dispersion of sound waves [60].
Sheep wool has comparable or better sound absorption properties than commonly used
insulation materials. In a direct comparison study, seven sheep wool samples of varying
thickness and density were analysed, showing that all samples achieved a sound absorp-
tion rating of at least class C (SAC 0.6-0.75) according to ISO 11654 [61], with many sam-
ples achieving class B (SAC 0.8-0.85). When compared to mineral wool (density 30 kg/m?),
polyurethane foam (density 80 kg/m?) and PET fibres (density 35 kg/m?), sheep wool
showed equivalent or higher absorption coefficients in the mid- and high-frequency range

https://doi.org/10.3390/en19030866



Energies 2026, 19, 866

9 of 17

(above 1000 Hz). A comparison of the acoustic properties of insulation materials is pre-
sented in Table 5 [59]. The table presents the sound absorption coefficient (SAC) values
measured at 1000 Hz, a frequency commonly used to evaluate building materials. This
choice reflects its position in the mid-frequency range typical of speech and traffic noise,
where most materials demonstrate optimal absorption properties. Acoustic standards
such as ISO 10534 [62] and relevant PN-EN norms prescribe measurements across octave
bands from 125 Hz to 4000 Hz, positioning 1000 Hz as the central frequency of the critical
500-2000 Hz spectrum essential for realistic assessments in construction applications. The
sound absorption coefficient of sheep wool composites was determined in accordance
with ISO 10534-2:2023 [62] (two-microphone transfer-function method) using an imped-
ance tube (internal diameter 100 mm, Kundt tube configuration). Measurements were per-
formed at normal incidence for 1/3-octave frequency bands, with primary reporting at
1000 Hz (centre frequency) as per ISO 266 [63]. The weighted absorption coefficient (x_w)
was calculated from 1/3-octave values (125-4000 Hz) in accordance with ISO 11654 [64]. It
is particularly important to show that the 20 mm thick material with sheep wool achieved
a higher absorption coefficient than the 40 mm thick flexible polyurethane foam in the
frequency range above 1200 Hz, which proves the acoustic efficiency of sheep wool per
unit thickness [58].

Table 5. Comparison of the sound absorptionproperties of sheep wool and other insulation materi-

als available on the market [59].

Material Thickness [mm] SAC at 1000 Hz Category
Sheep wool —natural 30 0.8 Natural material —low carbon footprint
Sheep wool —natural 50 0.84 Natural material —low carbon footprint
Sheep wool/PET (80/20%) 50 0.72 Natural-synthetic composite
Sheep wool —hot pressed 25 0.59 Processed material
Sheep wool —hot pressed 50 0.85 Processed material
Mineral wool 40 0.78 Synthetic fibre material
Polyurethane foam (PU) 25 0.87 Synthetic foam material
PU foam +20% PET 30 0.92 Polymer composite
PET fibres (100%) 30 0.65 Recycled synthetic material
Wood (pressed with wood chips) 35 0.65 Natural wood material
Wood (with oak cuttings) 40 0.72 Natural wood material

Sheep wool was the absolute leader among the analysed materials in terms of sound
absorption at 1000 Hz. At a thickness of 30-50 mm, it achieved SAC values of 0.80-0.85,
which makes it competitive with synthetic materials and significantly superior to its nat-
ural origin. Sheep wool exhibited particularly excellent properties at medium and high
frequencies (above 1000 Hz), where it achieved coefficients above 0.90 [65].

The sound absorption capacity of sheep wool results from several mechanisms [65,66]:

e  Sound wave dispersion: The natural structure of keratin and the complex fibre archi-
tecture create a tortuous path for sound propagation. Fibre networks cause multiple
collisions of sound waves with fibre surfaces, leading to the dispersion of acoustic
energy.

e Internal friction: The viscosity of the air in the pores of the material causes the con-
version of acoustic energy into heat through friction during air movements induced
by the sound wave. This conversion is particularly effective in materials with high
air permeability and complex pore morphology.

e Acoustic resonance: The size and distribution of pores in sheep wool naturally reso-
nates at specific frequencies, with the material exhibiting the most effective absorp-
tion in the mid- (500-2000 Hz) and high (>2000 Hz)-frequency ranges. In the low-
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frequency range (<500 Hz), where the sound wavelength is significant, absorption
efficiency decreases unless the material is of sufficient thickness.

3.4. Protective and Absorbent Mats

The protein structure and surface of the fibres make sheep wool suitable for use in
the production of water and air filters, as well as sorption mats for removing contaminants
and oils. The protein structure of sheep wool, composed of 60% keratin, and the unique
properties of the fibre surface make sheep wool a highly promising material for the pro-
duction of water and air filters as well as sorption mats for removing contaminants and
oils. Unlike synthetic alternatives, sheep wool fibres have inherent characteristics that
make them particularly suitable for filtration applications [67]. The adsorption capacity of
sheep wool fibres is fundamentally linked to their protein-based structure and surface
chemistry. Keratin, the main structural component, provides active binding sites that in-
teract with various contaminants through chemisorption and physisorption. The complex
microstructure of the sheep wool fibre surface, characterised by interlocking scales and
microscopic roughness, significantly increases the material’s ability to capture and retain
particles. It is noteworthy that the hydrophobic nature of sebum residues in raw sheep
wool can be beneficial in oil sorption applications, while modifying this surface chemistry
can improve the water filtration efficiency [68,69].

Sheep wool has a remarkable ability to remove dissolved contaminants from aqueous
solutions. Studies have documented the removal of copper (Cu?*), chromium(VI), and co-
balt(Il) ions from industrial wastewater, with the sorption rate depending on the wetta-
bility characteristics of the fibres and the contact time. Preliminary wetting of sheep wool
fibres significantly accelerates the adsorption process by facilitating water diffusion and
preparing binding sites, reducing the time needed to reach sorption equilibrium—a criti-
cal factor for practical water purification applications. In addition, sheep wool-based fil-
ters have shown better performance in removing viruses from drinking water compared
to conventional synthetic filters such as polyester and polypropylene, with potential ap-
plications in point-of-use water treatment systems in resource-constrained regions. The
operating principle of a sheep wool-based filter for aqueous solutions is shown in Figure
3 [70], where brown particles of absorbed metal ions are visible.

Cu T
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Contaminated Water © ® © Sheep
Input l / wool fibers
1 Metal lon Adsorption
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Purifed Water Output —t

Figure 3. Diagram of the structure of a sheep wool-based filter for purifying aqueous solutions from

metal ions (own work by Jakub Barwinek with use of GenAl).
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The use of sheep wool for oil sorption is one of its most promising commercial appli-
cations. Raw waste sheep wool fibres, without chemical modification or activation, can
absorb exceptionally large amounts of oil —up to 8.23 + 0.27 g of 0il/g of sheep wool fibre —
making it an inexpensive and readily available alternative to synthetic sorbents. The
roughness of the fibre surface plays a critical role in sorption capacity. The material is
reusable and completely biodegradable, solving the environmental problems associated
with synthetic oil sorbents, which remain in landfills and contribute to microplastic pol-
lution [71].

Sheep wool fibres have natural bacteriostatic properties and passively absorb volatile
organic compounds (VOCs), making them suitable for advanced air filtration systems.
Sheep wool acts as a natural air filter, neutralising formaldehyde and other volatile pollu-
tants. Commercial sheep wool-based filter media achieve a filtration efficiency compara-
ble to synthetic materials while offering better air permeability and reduced pressure
drop, which is particularly valuable in respiratory protection applications. In addition, the
nature of raw sheep wool prevents water saturation and filter clogging, making it partic-
ularly effective in high-humidity environments [36].

4. Limitations and Challenges of Sheep Wool-Based Composites

Despite significant advantages in sustainability and multifunctional performance,
sheep wool-reinforced composites face considerable technical and commercial barriers,
limiting competitive viability against established synthetic fibre systems. A critical evalu-
ation of these limitations is essential for advancing practical deployment in construction
applications.

The foremost limitation stems from wool’s susceptibility to alkaline degradation in
cementitious environments. Wool keratin’s disulfide bonds (-5-5-) undergo hydrolysis in
alkaline pore solutions (pH 12-13 typical in hydrating Portland cement), causing progres-
sive fibre embrittlement. Studies have quantified this degradation: tensile strength reten-
tion drops to 30-40% after 90 days of accelerated aging in saturated Ca(OH): solutions
(pH 12.4, 60 °C) compared to negligible loss in polypropylene (PP) or glass fibres [72]. This
durability shortfall necessitates protective pre-treatments—alkali stabilisation via 5%
NaOH immersion, silane coupling agents (y-aminopropyltriethoxysilane), or plasma sur-
face modification—each adding a 15-25% processing cost and introducing supply-chain
complexity absent in commodity synthetics. Without intervention, wool-reinforced con-
crete matrices exhibit compressive strength loss exceeding 50% within 12 months under
field-like conditions (cyclic wetting/drying, 20-60 °C), rendering them unsuitable for load-
bearing structural applications without matrix modification (e.g., pozzolanic supplemen-
tation) [41].

A secondary but critical barrier is wool’s intrinsic combustibility. Although wool’s
nitrogen content (15-18% wt.) promotes self-extinguishing behaviour and ignition tem-
peratures exceed 560 °C—well above synthetic polymers—untreated wool fails stringent
European and North American building standards requiring Class A1 (EN 13501-1 [73] or
ASTM E84 [74]) or non-combustibility classifications. Pure wool achieves only Class B-C
ratings, necessitating fire-retardant (FR) treatments using ammonium polyphosphate, bo-
ric acid, or boron compounds [75]. These treatments introduce several complications: (1)
durability concerns— flame retardants leach under humid conditions, reducing effective-
ness over time; (2) environmental toxicity —some boron-based FR agents raise ecotoxico-
logical concerns in aqueous systems; (3) cost—FR impregnation adds 20-35% to the fibre
cost, eroding the economic advantage of wool’s low embodied carbon (5.4 kg COze/m? vs.
135 kg COze/m? for mineral wool). Consequently, wool composites remain restricted to
non-structural or secondary applications (e.g., cavity fill, panel backing) where fire codes

https://doi.org/10.3390/en19030866



Energies 2026, 19, 866

12 of 17

are less stringent, unlike glass or mineral-wool alternatives approved for structural load
paths [76].

Unlike synthetics governed by rigorous ISO/ASTM protocols (e.g., ISO 6101 [77] for
glass-fibre properties), wool fibre characteristics exhibit significant batch-to-batch varia-
bility influenced by breed, age, processing conditions, and natural contamination (vege-
table matter, lanolin residues). Tensile strength ranges from 120 to 180 MPa, the Young's
modulus is 2.3-3.4 GPa, and the diameter is 20—40 pm—wider distributions than compa-
rable synthetics (+5-10% tolerance). This variability, combined with a scarcity of stand-
ardised durability test protocols for wool-cement systems, complicates performance pre-
diction and regulatory approval. Most studies employ ad-hoc accelerated ageing (ASTM
€920 [78], EN 196-1 extensions [79]), yielding non-comparable datasets and hindering in-
dustry standardisation [80].

5. Summary and Conclusions

The building sector is one of the most energy-intensive industries and is responsible
for a substantial share of global CO2 emissions, material consumption, and waste genera-
tion. Consequently, the development of low-carbon, resource-efficient construction mate-
rials has become a key challenge in the context of sustainable development and the circu-
lar economy. Sheep wool, particularly coarse and low-grade waste wool currently treated
as agricultural waste, represents a valuable bio-based resource with significant potential
for valorisation in construction materials. The results discussed in this study demonstrate
that sheep wool-based composites exhibit good thermal insulation properties, with ther-
mal conductivity values comparable to conventional insulation materials while offering a
considerably lower environmental footprint due to their renewable origin, low energy
production, and biodegradability. Additionally, the hygroscopic nature of cleaned sheep
wool fibres enables moisture buffering and contributes to improved indoor thermal com-
fort and energy efficiency of buildings. From a materials engineering perspective, sheep
wool fibres can be effectively used as a dispersed reinforcement in cement composites,
where they enhance flexural strength, ductility, and cracking behaviour, despite a poten-
tial reduction in compressive strength at higher fibre contents. When appropriately de-
signed, sheep wool-reinforced cement composites are suitable for non-load-bearing and
semi-structural applications. Furthermore, the porous fibrous structure of sheep wool pro-
vides excellent sound absorption performance, making sheep wool-based materials com-
petitive with mineral and polymer-based acoustic insulators. Beyond structural and insu-
lation applications, sheep wool also demonstrates high potential in protective and sorp-
tive mats due to its ability to adsorb oils, heavy metals, and volatile organic compounds,
thereby contributing to environmental protection and improved indoor air quality. While
sheep wool shows great potential as a sustainable material for thermal and acoustic ap-
plications, future research should focus on the experimental verification of wool biopoly-
mer composite properties, the optimisation of composite formulations, and long-term du-
rability assessments under real environmental conditions. Additionally, systematic stud-
ies on scaling-up production processes and life cycle assessment are recommended to
guide practical implementation in low carbon building projects. Material research should
focus on standardising and ensuring the repeatability of material properties, as the use of
waste presents a challenge for introduction into the highly rigorous and heavily regulated
construction sector. Overall, the valorisation of sheep wool fibres in bio-based composites
offers a technically adequate and environmentally sustainable alternative to conventional
construction materials. The use of locally available sheep wool waste can reduce carbon
emissions, support rural economies, and strengthen regional supply chains. Future re-
search should focus on optimising composite formulations, assessing long-term durabil-
ity, and performing comprehensive life cycle assessments (LCAs) to support the broader
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implementation of sheep wool-based materials in low-carbon construction. In summary,
sheep wool demonstrates numerous advantages across different applications including
excellent thermal insulation, sound absorption, hygroscopic regulation, biodegradability,
and low environmental footprint. However, its use is also limited by technical challenges
such as variability in fibre quality, coarse fibre structure, potential reductions in compres-
sive strength when used in cement composites, and the need for appropriate pre-treat-
ment or processing. To promote the wider adoption of sheep wool in practical construc-
tion projects, it is essential to address these technical barriers and develop supportive pol-
icies including the standardisation of material specifications, incentives for local wool uti-
lisation, and integration within circular economy frameworks. The use of wool should
focus on local production sites and cooperation between sectors, so as to simultaneously
reduce transport costs for the construction industry and the disposal costs imposed on
farmers by policy.
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