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Abstract

This study critically addresses the challenge of selecting optimal insulation materials for
contemporary, energy-efficient building envelopes, a decision with profound environmen-
tal, structural, and occupational health consequences. The paper responds to the growing
demand for sustainable, resilient solutions by comparing wool, a bio-based, regenerative
material, and expanded polystyrene (EPS), a synthetic polymer widely implemented in
the construction industry, and advanced laboratory testing (thermal conductivity, mois-
ture buffering, freeze—thaw resistance) is discussed in a comprehensive synthesis of the
recent literature. Also, field evaluations from European retrofits and pilot projects (UK,
Denmark, Finland, Iceland, Norway, Sweden, Germany and France) further contextualize
performance outcomes, and life cycle impacts are considered. Recent results reveal that
wool insulation achieves a moisture buffering value (MBV) between 1.8 and 2.7 (g/ m?) %
RH, minimal vapor resistance (mvr = 1-2), and preserves functional and structural integrity
through more than 100 freeze-thaw cycles, leading to significant stabilization of the interior
microclimate and enhanced durability. In contrast, EPS delivers lower thermal conductivity
(0.032-0.037 (W /mK), critical for reducing heating /cooling demand, but exhibits limited va-
por permeability (Ivp = 60-150 MN-s/(g-m)), increased risk of condensation and mold, and
reduced compressive strength (<22% after 30 cycles), especially when ventilation details
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1. Introduction

The construction sector is currently the main contributor to environmental degradation
through its intensive consumption of non-renewable resources and generation of solid
waste [1]. In this context, this work aims to provide a critical analysis of the existing litera-
ture, covering the main aspects of the theoretical foundations, analytical methodologies,
and Life Cycle Assessment (LCA) of sheep wool and expanded polystyrene in construction.

Global statistics are alarming: this sector is responsible for approximately 50% of car-
bon dioxide emissions, 50% of total solid waste production, and up to 50% of global energy
and natural resource consumption, as highlighted by Parlato et al. [1] and corroborated by
Ali et al., 2024 [2].

In this context, energy conservation in buildings has become one of the most critical
priorities today because, despite global efforts to develop renewable sources, electricity
generation remains 70% dependent on fossil fuels (coal, natural gas, oil), which are the
largest contributors to carbon emissions [3]. In 2016, it was estimated that 39.5% of global
energy was used solely for heating and cooling indoor spaces [3], while in the European
Union, buildings account for 40% of final energy consumption and 36% of greenhouse
gas emissions [4].

To counteract these effects, the European Commission has formulated ambitious
strategies such as the European Green Deal, aiming to achieve net-zero emissions by 2050,
a process that involves decoupling economic growth from the use of natural resources [5].
The implementation of Directive 2010/31/EU on the energy performance of buildings
(EPBD) introduced the concept of “nearly zero-energy buildings” (NZEB), a complex
theoretical model that requires the use of high-efficiency materials and advanced technical
systems to minimize energy requirements [6].

The Construction Products Regulation (CPR) No. 305/2011 introduced sustainability
as a basic requirement, stipulating that works must be designed to ensure the sustainable
use of natural resources through recycling and the use of environmentally friendly sec-
ondary raw materials [5]. Currently, it is estimated that 75% of the EU’s building stock
is energy inefficient, highlighting the urgent need for insulation solutions that reduce
economic and environmental impacts [7].

Insulating the exterior envelope is recognized as a key step toward ensuring a
structure’s energy efficiency, representing the most sustainable option for reducing heat
loss, pollution, and emissions [8]. Proper insulation can reduce fuel consumption by
25% to 50% [9].

The current market is dominated by inorganic fibrous materials (glass wool, basalt
wool) and organic petrochemical foams, particularly expanded polystyrene (EPS) and
extruded polystyrene (XPS), which hold a significant market share due to their consistent
physicochemical properties and low cost [2,8]. However, traditional materials face limi-
tations, including toxicity, a high carbon footprint, and difficulties with recycling. Thus,
research is focusing on the use of local natural resources and waste, such as sheep’s wool,
cotton, hemp, or coconut fibers, to create insulators with minimal impact on health and
the environment [10].

Sheep’s wool is not a new material in construction, but with the development of sus-
tainable management practices, it has begun to gain priority due to its annual renewal [11].
In Romania, sheep farming is a widespread traditional activity, with the country ranking
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third in Europe in terms of sheep numbers, with approximately 10 million head, making
wool an abundant resource [11].

Since approximately 95% of the wool produced is considered waste unsuitable for the
fine textile industry, its transformation into building materials represents a circular-economy
opportunity that can replace hydrocarbon-based products [11,12]. Evaluating these materials
through LCA and multi-criteria decision-making (MCDM) methods is essential to demonstrate
their ecological superiority over conventional synthetic insulators [13].

Accordingly, this review has four main objectives: (i) to synthesize current knowledge
on the physical-chemical and microstructural characteristics of sheep wool and EPS used
as building insulation; (ii) to compare their hygrothermal and acoustic performance under
realistic operating conditions; (iii) to assess their environmental performance through Life
Cycle Assessment and multi-criteria decision-making frameworks; and (iv) to examine
recent developments in hybrid composites and material reinforcement, where wool fibers
and other natural wastes are incorporated into mineral and polymer matrices to enhance
mechanical performance while maintaining high thermal efficiency.

2. Physical-Chemical and Microstructural Characterization
2.1. Sheep Wool

Sheep wool is a natural protein fiber with a highly complex microscopic architecture,
optimized for thermal insulation by trapping air in its porous structure. The morphology
of wool fiber consists of four distinct regions: the epicuticle (thin outer layer), the layer
of scaly cells (cuticle), the cortex (the main part of the fiber), and the medulla (the central
canal), as shown in Figure 1 [11]. This tubular structure is responsible for the low density
and high air storage capacity.

A — Epicuticle

B — Scale-cell layer
C — Cortex

D — Medulla

Figure 1. Structure of wool fiber. Reprinted with permission from ref. [11].

Chemically, wool consists predominantly of keratin (approx. 60%), an animal protein
rich in amino acids. Elemental analysis by energy-dispersive spectroscopy (EDX) reveals
a composition dominated by carbon and nitrogen, the latter being essential for the mate-
rial’s natural fire resistance [9]. Table 1 presents the elemental composition of the sheep
wool fiber.
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Table 1. Elemental composition of sheep wool fiber [9].

Element Chemical Symbol Mass Percentage (Wt %)
Carbon C 60.6
Oxygen @) 27.2
Nitrogen N 10.1
Sulfur S 1.1
Sodium Na 0.1
Potassium K 0.1

A remarkable biochemical property highlighted by Dénes et al. is the presence of
active functional groups, such as amides. These not only attract water molecules, thereby fa-
cilitating humidity regulation through hysteresis, but also facilitate air purification through
chemisorption, neutralizing pollutants such as formaldehyde [11].

Air purification is a passive and continuous process that lasts for the entire life of the
material (80-100 years). Replacement or cleaning is not necessary, since the neutralization
of pollutants by chemisorption is permanent, and the material has a hygrothermal stability
superior to conventional insulators, not being affected by the accumulation of harmful
substances in the form of residues that would require evacuation [14].

2.2. Polystyrene (EPS/XPS)

Unlike the fibrous structure of wool, polystyrene is a synthetic petrochemical poly-
mer whose efficiency depends strictly on the geometry of the air cells. The main types of
polystyrene used in construction for insulation purposes are expanded polystyrene (EPS)
and extruded polystyrene (XPS). The thermal efficiency of polystyrene depends strictly on
the geometry of the cells because this determines the immobilization of air (eliminating
convection) and the attenuation of infrared radiation through the cell wall. This statement
emphasizes the fact that, unlike the fibrous structure of wool that allows active hygrother-
mal regulation by adsorption/desorption, polystyrene functions as a passive barrier whose
performance is dictated by the size and tightness of the micro-pores. Any degradation
of this geometry (through aging, gas diffusion or compression) directly and irreversibly
affects its insulation capacity.

EPS consists of hydrophobic polystyrene granules welded together. However, there
are interstices (empty spaces) between these granules that allow air and water to infiltrate
(water absorption is 2-3%), which can degrade thermal performance over time [11,14].

On the other hand, XPS has a much denser and more uniform closed-cell structure,
offering superior compressive strength and a much more effective barrier against water
vapor diffusion [15]. Table 2 presents a comparison of the main physical and chemical
properties of wool, EPS, and XPS.

Table 2. Comparative physical, chemical and mechanical properties: wool vs. polystyrene (Synthesis
based on [15,16]).

Parameter Sheep Wool EPS XPS
Nature of material Natural protein fiber Synthetic polymer Synthetic polymer
Microscopic structure Fibrous/tubular Cellular (partially open) Cellular (closed)
Density, kg m 3 10-25 15-35 32-40
Vapor resistance () 1.0-3.0 20-70 80-150
Reaction to fire Self-extinguishing (Class E) Flammable (Class E/F) Flammable (Class E)
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Table 2. Cont.
Parameter Sheep Wool EPS XPS
Origin Renewable resource Hydrocarbons Hydrocarbons
(non-renewable) (non-renewable)
Conductivity, W m—3K~! 0.038-0.54 0.031-0.043 0.032-0.037
Compressive strength, MPa Low 0.035-0.414 0.104-0.69
Bending strength, MPa High 0.07-0.517 0.276-0.69
Tensile strength, MPa 120-174 0.138-0.386 0.17
2.3. Microstructural Analysis of Wool-Polymer Hybrid Composites
Innovation in this field focuses on creating hybrid panels that combine wool fibers with
various polymer binders to improve mechanical stability. Advanced research published by
Dénes et al. [9] used scanning electron microscopy (SEM) to observe the interface between
fibers and binders (such as natural latex or acrylic-polyurethane resin) as shown in Figure 2.
SEM images at x 1000 magnification revealed a homogeneous dispersion of the binder on
the fiber surface, confirming that spray application methods are effective. However, at
higher magnifications, binder exfoliation from the wool fiber and areas where fibers were
only partially covered was observed, indicating the need to optimize the ratio of natural to
synthetic components to maximize adhesion (Table 3) [9].
Figure 2. Wool-resin composite (1:2) at x1000 magnification. Adapted with permission from ref. [9].
Table 3. Characteristics of binders used in wool hybridization [9].
Binder Type Identified Components (EDX) SEM Observations
Natural latex C,0,S, Al Ca, Si, K Occasional agglomerations between fibers; good dispersion
Acrylic-PU resin O,C,Si Partially coated fibers; exfoliation at high magnifications.

This detailed characterization demonstrates that, while polystyrene provides a stable,
predictable cellular structure, sheep’s wool offers greater chemical complexity, providing
functional benefits (air purification, humidity regulation) that pure synthetic materials
cannot replicate.

3. Thermal Performance Under Variable Conditions

The thermal performance of insulating materials is not a static parameter but a dy-
namic one, governed by temperature fluctuations, humidity levels, and structural aging.
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Under variable conditions, thermal conductivity (A) undergoes significant changes that can
lead to an underestimation of energy consumption in traditional simulations using constant
values. Specifically, defining accurate dynamic boundary conditions [17] (;) and using
standardized approaches (e.g., EN ISO 15026) is essential to provide practical guidelines on
the hygrothermal performance of insulated walls [18].

Fundamental research conducted by Khoukhi et al. [19] demonstrates that A increases
linearly with the average operating temperature for all polystyrene densities. This variation
is essential in hot climates, where the temperature at the center of the insulation layer can
exceed standard laboratory thresholds (24 °C). The main results from [19] are summarized
in Table 4 and Figure 3, where it can be observed that the linear equations modeling A as a
function of temperature exhibit a high determination coefficient.

Table 4. Regression equations for thermal conductivity (A) as a function of temperature (T) at different
polystyrene densities [19].

Polystyrene Type Density Approximating Equation Coefficient, R?
LD (Low Density) Low A =0.00009 T + 0.0372 0.9997
HD (High Density) High A =0.00006 T + 0.0357 0.9976
UHD (Ultra High Density) Very high A =0.00005T + 0.0347 0.9999
SHD (Super High Density) Maximum A =0.00006 T + 0.0330 0.9981
0.042
o W20 W4D
E 004
g 0.038
5 0.036
7; 0.034
£
o 0.032
|
0.03

LD HD UHD S5HD

Figure 3. Thermal conductivity and density dependence at two values of temperature (based on data
reported for polystyrene insulation in ref. [19]).

For sheep wool, similar behavior is observed, but it is heavily influenced by its high
porosity [6]. The sensitivity of wool to temperature decreases as density increases (in the
range of 2040 kg/m?), because air flow within the porous structure is restricted. The
conductivity values reported by Parlato et al. range from 0.0318 to 0.054 W/mK, with
performance comparable to that of polystyrene [1]. However, wool has a different thermal
sensitivity because its fibrous structure traps air in the medulla (central channel), reducing
internal convection. As reported in the literature, the maximum density of sheep wool is
ranged between 18 and 27 kg m~3, in dependence to its hygroscopicity. Thermal conductiv-
ity coefficient varies in the range of 0.034-0.067 W m~! K~1. The highest reported value for
wool hygroscopicity is 0.35 kg water/kg dry material [1]. Similar values are also reported
in DIN 52615—1987-11 standard: Testing of thermal insulating materials; determination of
water vapor (moisture) permeability of construction and insulating materials.

The variation in the correlation equations at three operating temperatures is presented
in Table 5.
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Table 5. Variation for sheep wool as a function of bulk density (p) at specific temperatures [6].

Operating Temperature

Approximating Equation for Wool, A = f(p)

10 °C A=1-10"5p% — 0.0009 p + 0.0537
20 °C A=1-10"5p% — 0.0013 p + 0.0629
30°C A =3-10"°p% — 0.0002 p + 0.0774

Unlike polystyrene, which is a hydrophobic organic foam, sheep’s wool is a hygro-
scopic material. Wool can absorb up to 35-40% of its own weight in water, with its thermal
conductivity being only slightly affected up to a moisture threshold of 20% [9]. EPS suffers
severe degradation when water infiltrates; a humidity of 10% vol. can increase the thermal
conductivity from 0.036 to 0.054 W/mK (a 50% decrease in efficiency) [20]. Iacob-Tudose

et al. reported water vapor isotherms on untreated and skimmed wool, respectively, as
shown in Figure 4 [21].

0.35
~ 03
& .
E 025 L
_E‘ //’
o 0.2 /:’
= /.
] &
S &
g 0.15 %
2 Z
B 01 —4— untreated wool
0.05 F -~ skimmed wool
0
0 20 40 60 80 100

RH, %

Figure 4. Sorption isotherms at 40 °C for untreated and skimmed wool, respectively. Adapted with
permission from ref. [21].

Besides absorption, all insulation materials provide resistance to water vapor diffusion.
The p-factor is a measure of this characteristic, indicating the resistance relative to that of
still air. Figure 5 exemplifies a simulation of the dependence of the diffusion coefficient on
the relative humidity (ranged between 75 and 90%) in the case of sheep wool insulation at
several assumed values of p-factor as reported by Tuzcu [22].

Diff. Coeff. (75-90%)

6.4-107 4

5.4-10"" 4
1
—
8
O 44-107% 4
£
(]
3.4-107% 4
2.4-107%
0.75 0.8 0.85 0.9
D(mu=1.55) ¢ D(mu=1.3) ¢ D(mu=1)
Linear (D(mu=1.55)) === Linear (D(mu=1.3)) === Linear (D(mu=1))

Figure 5. Diffusion coefficients for the range 75-90% RH for sheep wool insulation. Adapted with
permission from ref. [22].
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Values of thermal diffusivity are presented in Table 6.

Table 6. Effective thermal diffusivities values [20].

Humidity, kg Water/kg Effecflve 'I."h.ermal
Sample Type Dried Material Diffusivity,
Degs x 108, m?s—1s
Untreated wool 0.1 +0.01 6.03
Polyurethane foam 0.1+ 0.01 8.47

An innovative aspect introduced by Basok et al. is the “thermal conductivity degrada-
tion coefficient” (Dt), which assesses the loss of efficiency after long periods of use. The
study conducted on facades after 11 years of service reveals that synthetic and mineral
materials lose their properties at different rates (Table 7) [23].

Table 7. Degradation coefficients (Dt) after 11 years of operation [23].

Value (1.00 = No

Degradation) Technical Notes

Insulation Material

Improved/stable

1.07 (Stable/improved performance through

PPS-35 (Polystyrene)

performance) natural drying
PPS-25 0.93 Loss of efficiency
Loss of efficiency due to
PPS-15 0.88 dust/moisture
accumulation
B 0.67 (Significant Massive degradation due
asalt wool . ' .
degradation) to fiber compaction
Polyurethane foam 0.73 Loss Offizifrcl;llos 1 §ases

Determining the optimal thickness is a multi-criteria process that correlates material
cost with heating degree days (HDD). Kan proposes a formula for calculating the optimal
thickness (x opt) based on the net present value of fuel savings [24]. Table 8 presents the
influence of the thickness of the expanded polystyrene (EPS) insulation layer on the thermal
and economic performance of the building element.

Table 8. Optimal thickness and U-value impact for EPS [23].

Energy Savin
: . 2 gy g 2
Thickness [cm] U-Value [W/m?K] [kWh/m2] ECS (Cost) [€/m*]
0 (No insulation) 0.88 0.00 0.00

10 cm 0.28 34.55 25.59

20 cm 0.17 65.95 33.09

40 cm 0.09 128.77 48.09

Through simulations with SEnergEd software (version 5.07), it was demonstrated
that in very cold climates (e.g., Iceland) the optimal thickness of EPS for environmental
sustainability often exceeds 40 cm, whereas, from a strictly economic perspective, it is
limited to 25 cm [25].

In field tests conducted by Altin and Yildirim, the behavior of three materials on
identical facades was compared [26]. The results showed an average difference between
the outside and inside wall temperatures of 7.69 °C for wool, compared to 6.05 °C for
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polystyrene and 3.58 °C for mineral wool, demonstrating wool’s superior ability to block
heat flow in winter conditions.

When space restrictions do not allow for thick wool or EPS, research is turning to
Vacuum Insulation Panels (VIP). Jelle points out that 6 cm of VIP is thermally equivalent to
35 cm of sheep’s wool, achieving a conductivity of only 4 mW /mK. However, vulnerability
to puncture and high costs mean that hybrid solutions (wool-polymers) remain the most
reliable for current renovations [16].

4. Acoustic Performance and Indoor Comfort

The evaluation of insulation materials from an indoor environmental quality (IEQ)
perspective goes beyond simple thermal resistance, involving their ability to absorb sound,
attenuate vibrations, and passively regulate the hygrothermal microclimate.

Sound absorption capacity is essential for reducing noise transmission through the
building envelope and improving acoustic comfort. A material is considered an effective
absorber if it has a sound absorption coefficient («) greater than 0.75.

e  Sheep’s wool: Due to its porous structure and internal channels (medulla), wool fibers
are superior to petrochemical polymers in dissipating sound energy. Hetimy and
colleagues note that wool exhibits excellent properties at medium and high frequencies
(500-2000 Hz), although performance decreases at low frequencies [8].

e  Hybrid Composites: Wool panels with an acrylic-polyurethane resin (P13) can achieve
a maximum absorption coefficient (amax) of 0.999, significantly exceeding those with
natural latex (aomax = 0.83) [9].

o  Comparison with polystyrene: In experimental field tests, Altin and Yildirim demon-
strated that a room insulated with boron-doped wool provided an average sound
insulation difference of 29.09 dB, while EPS achieved only 26.03 dB [26].

Table 9 presents values of sound absorption coefficients and NRC for different materi-
als and thicknesses.

Table 9. Sound absorption coefficients and NRC for different thicknesses [9].

Thick NRC (Noise
Material 1cKNEess aat1000 Hz  « at 2000 Hz Reduction
[mm]
Coeff.)

P13 (Wool + Resin) 50 0.95 0.91 0.66
P3 (Wool + Latex) 50 0.45 0.78 0.39
Raw wool 50 0.70 0.72 0.50
Hemp 30 0.51 0.70 0.40

The thickness of the material has a direct relationship with absorption at low frequen-
cies, but an insignificant influence at high frequencies. Midolo et al. emphasize that greater
thickness increases the “tortuosity” of the sound path through the material, leading to
greater friction losses and, consequently, a higher absorption coefficient [12]. For maximum
efficiency in the 500-2000 Hz range, a wool thickness of 170 mm is considered optimal,
with any value above this threshold offering no additional benefits.

Thermal comfort is often considered more important to occupants than visual or
acoustic comfort. Sheep’s wool can absorb moisture up to 35—40% of its weight without
feeling damp to the touch, preventing condensation and mold growth. The phenomenon
of hysteresis (the lag between absorption and release) helps maintain a constant indoor
climate during winter when humidity is low.

Unlike polystyrene, which is inert or can release volatile compounds in case of fire,
wool acts as a natural filter, absorbing formaldehyde and other indoor pollutants. In agro-
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industrial buildings, sheep’s wool is recommended for insulating floors (concrete slabs)
because it insulates machine vibrations much better than mineral wool or fiberglass.

In sustainability studies using MCDM (Electre TRI-rC) methods, Kadzinski et al.
classified materials according to “discomfort degree-hours” [13]. In this classification,
several materials, including sheep wool, hemp, glass wool, EPS, rockwool and PUR, are
placed in the top class C3; however, wool and hemp stand out within this group due to
their particularly favorable combination of low health impacts, reduced life cycle emissions
and superior hygrothermal comfort.

Below the threshold of 60% relative humidity (RH), wool maintains a stable water
content, only beginning to absorb in large amounts at RH > 80%, thereby stabilizing the
perceived temperature through exothermic absorption processes [9].

While polystyrene provides an effective barrier against airborne sound transmission,
sheep’s wool is the superior solution for comfort, combining high-performance acoustic
absorption with active humidity regulation and air purification.

5. Hybrid Composites and Material Reinforcement

In line with the fourth objective of this review, this section focuses on hybrid compos-
ites and material reinforcement strategies that combine sheep wool fibers and other natural
wastes with mineral or polymer matrices to achieve a better balance between thermal
insulation and mechanical performance. The transition from homogeneous insulating
materials to hybrid composites is a major research direction, aimed at balancing thermal
performance with mechanical properties and sustainability. Abu-Jdayil et al. emphasize
that the new trend is the development of structural materials with low thermal conductivity
that maintain the strength capabilities required for construction [3].

The use of wool fibers as dispersed reinforcement in mortars and concretes has been
extensively studied to reduce the environmental impact of synthetic fibers. Atbir et al.
developed a porous plaster reinforced with twisted wool yarns in a network form. The
results indicated an optimal technical compromise at a 4% wool addition, which generated
a 67% increase in flexural strength (up to 2.24 MPa), although it caused a 58% decrease in
compressive strength due to increased porosity [27].

Fantilli et al. demonstrated that treating wool with atmospheric plasma (ionized
gas) improves adhesion to the cement matrix [28]. Adding 1% by volume of treated wool
increased flexural strength by 23% and fracture toughness by 300%. Moreover, low-quality
wool fibers can successfully replace polymers in stabilized earth construction components,
improving their ductility [29].

The integration of natural waste into polymer matrices allows the creation of rigid
panels with superior insulating properties. Raza et al. investigated composites made of ex-
panded polystyrene (PS) and palm fibers (DSF) [30]. It was found that compressive strength
increases progressively up to 30% DSEF, reaching a maximum of 22.66 MPa, compared to
15 MPa for pure PS. Exceeding this threshold results in poor dispersion and reduced
strength. In another study, natural latex and acrylic-polyurethane resin were used as
binders for wool fibers [9]. The composites obtained by mixing and spraying achieved
excellent thermal conductivities between 0.0324 and 0.0436 W/mK, falling within European
standards for insulation [9].

Hybrid composites are also used to stabilize state-of-the-art materials, which are of-
ten fragile or expensive. For example, glass fiber reinforcement enables flexible “blan-
kets” that eliminate aerogel’s inherent fragility while maintaining a conductivity of
0.01-0.02 W/mK [2].

To reduce the cost of vacuum insulation panels (VIPs), several composite cores were
analyzed. For example, a hybrid core made of wood pulp and glass fibers offers a more
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sustainable alternative to purely synthetic cores, although aging performance remains an
area for optimization [31].

The integration of phase change materials (PCMs) into polyurethane foams or gypsum
boards enables the composite to store thermal energy as latent heat. The dimensional stability
of hybrid composites is directly influenced by the concentration of PCM microcapsules [32].

Jelle introduces NanoCon, a hybrid building material that combines Nano Insulation
Materials (NIMs) with carbon nanotubes [16]. This theoretical combination would allow
for a conductivity below 4 mW /(mK) while offering tensile strength exceeding that of
traditional steel reinforcements.

The use of wool and other natural waste materials is no longer limited to raw forms
(mattresses). Still, it is evolving toward complex composite matrices in which the interface
between the fiber and the binder (verified by SEM/EDX analysis) ensures the durability
and efficiency required by modern construction.

Table 10 provides a critical analysis of the physicomechanical and hygrothermal
properties of unconventional hybrid composites, illustrating how the synergy between
natural fibers and various binders (such as natural latex, resins or biopolymers) optimizes
the balance between low thermal conductivity and the structural strength required for
sustainable insulation applications.

Table 10. Physicomechanical and hygrothermal properties of unconventional hybrid composites
[3,9,10,15]. (N/A means not available).

Material/Hybrid Density, Conductivity, Mechanical Strength,
Composite Kgm3 Wm—3K-1 MPa
Wool + Natural Latex 62-116.3 0.0324-0.0339 N/A
Wool + Polymeric resin 98.3 0.0345-0.0358 35.4-46.4
Polystyrene + date fibers 938-970 0.053 19.3-22.7
Banana + Epoxy resin N/A 0.366-0.456 N/A
Date seeds + Polyester N/A 0.126-0.138 34.8-88
Glass fiber + Aerogel 100-320 0.0253 N/A
EPS 15-35 0.031-0.043 0.035-0.414
Raw sheep wool 10-25 0.038-0.054 N/A

6. Life Cycle Assessment

LCA is the fundamental methodological tool for rigorously assessing the environ-
mental impact of insulation materials, providing a concrete perspective from raw mate-
rial extraction to final disposal. This section details the environmental performance of
sheep’s wool and styrene polymers, using technical data extracted from the bibliographic
sources provided.

According to ISO 14040 and ISO 14044, an LCA analysis is structured into four phases:
objective definition, inventory analysis (LCI), impact assessment (LCIA), and interpreta-
tion of results. In the construction sector, the choice of Functional Unit is critical for the
comparability of materials. The most commonly used FUs identified in the literature are

e  The mass required to provide a thermal resistance of R = 1 m? K/W;
e 1 m3 of insulating material;
e 1 m? of habitable floor space per year, considering a building lifetime of 50 years.

Impact assessment uses methods such as ReCiPe (Midpoint and Endpoint), CML, or
Eco-indicator 99 to convert inventory flows into common impact units. Table 11 summarizes
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the main impact categories used in LCA, along with their units of measurement and a brief
technical description of the meaning of each indicator.

Table 11. Major impact categories in LCA [4,7,33-35].

Indicator Unit Technical Description
. . Measures the contribution to the
GWP (Global Warming Potential) kg CO; eq. greenhouse effect over 100 years.
CED (Cumulative Energy Demand) M] Total primary energy (renewable and
non-renewable) consumed.
g . Emissions that cause deviations in
AP (Acidification Potential) kg SO; eq. soil and water pH.
" . Excessive enrichment of aquatic
EP (Eutrophication Potential) kg POy eq. ecosystems with nutrients.
ODP (Ozone Depletion Potential) kg CFC-11 eq. Ozone depletion potential.
HTP (Human Toxicity Potential) kg 1.4-DCB eq. Toxicological risks to human health.

The major difference between sheep wool and polystyrene (EPS/XPS) is the origin of
the raw material and the energy intensity of processing.

Natural sheep wool is considered an annually renewable resource that can act a carbon
sink, storing carbon in the natural fiber. In contrast, polystyrene (EPS/XPS) is derived
from crude oil, a non-renewable resource, and its production is an emission-intensive
process. Michalak et al. demonstrate that ETICS systems based on mineral wool can have
an even more negative impact than EPS in certain categories, highlighting the complexity
of material selection [5].

Ali et al. emissions for 100 m? at R = 5 [2]:

o XPS: ~4937 kg CO; eq (Highest impact);

e EPS: ~288 kg CO; eq;

e  Sheep wool: ~114 kg CO, eq;

e  Hemp fiber/wood: Values are negative (—70 to —218), demonstrating carbon sequestration.

The use of insulation reduces the building’s long-term impact by reducing energy
consumption during the operational phase. Although insulation manufacturing has an
initial environmental cost, the net benefits over 50 years are always positive [25]. Moreover,
the GWP payback period depends on the type of fuel used, being shortest when coal is
used as a heat source, due to the high emissions avoided using insulation [35].

Identifying the processes with the greatest impact enables sustainability optimization.
For inorganic materials (glass/rock wool), the critical point is the production phase, es-
pecially the melting and fibrillation process, which consumes a lot of energy. In the case
of polymers (EPS/XPS), the main issue is the extraction and processing of petrochemical
raw materials. Regarding bio-based materials (wool, hemp), the major impact comes from
binders and additives (polyester, flame retardants) and, in the case of crops, from fertil-
izers used in cultivation. For wool, Dickson and Pavia suggest that cleaning and animal
husbandry are the most impactful stages [36].

Sustainability is also defined by recyclability. Polystyrene, although theoretically
recyclable, has a low actual recycling rate in construction (6.7-10%), often limited by the
presence of additives such as HBCD. Sheep’s wool is 100% biodegradable and can be reused
as fertilizer or in new production cycles, eliminating pressure on landfills.

Choosing the optimal material requires balancing LCA data with economic and tech-
nical factors. Streimikiene et al. used the TOPSIS method and demonstrated that, in
scenarios with a high environmental weighting, sheep’s wool ranks first, followed by
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recycled glass [10]. Similarly, Kadziniski et al. classified wool as “excellent” (C3) in terms of
overall sustainability, outperforming synthetic materials in criteria related to health and
ecosystem quality [13]. LCA analysis confirms that sheep wool is the superior insulator
from an ecological perspective, offering a minimal carbon footprint and the capacity for
regeneration that supports the European Green Deal’s climate-neutrality goals by 2050.

7. Multi-Criteria Decision Making (MCDM) in the Selection of
Insulating Materials

Selecting the optimal material for insulating a building is a complex problem that
cannot be solved by analyzing a single parameter, such as thermal conductivity. The
decision-making process must balance trade-offs between technical and economic char-
acteristics and the impact on the environment and health [10]. To this end, the use of
Multi-Criteria Decision Making (MCDM) methods is essential for aggregating the various
dimensions of sustainability and identifying the solution with the best overall performance.

An innovative approach to evaluating “green” materials is the use of the Interval
TOPSIS method, as applied by Streimikiene et al. to address the uncertainty in data from
economic and technical measurements [10]. In this case, a normalization process (based
on the minimum and maximum values) was applied because the criteria are expressed
in different dimensions, resulting in dimensionless numbers. The method identifies the
positive ideal solution (maximum performance for benefits and minimum for costs) and
the negative ideal solution. The authors tested four weighting schemes to ensure the
certainty of the analysis: (i) Uniform (Equal weights): Weight of 1/7 for each criterion;
(ii) Balanced: Divides the weight equally (50-50%) between the group of technological and
environmental criteria; (iii) Technological: Gives 75% importance to physical parameters;
and (iv) Ecological: Gives 75% importance to LCA impact and health. Based on these steps,
the sheep’s wool was ranked first as the most desirable option [10]. Although XPS excels
in thermal conductivity, it ranks lower overall due to its carbon emissions and negative
health impacts.

Unlike linear rankings, Kadziniski et al. propose a group decision framework based
on multi-criteria sorting, which divides materials into three ordered classes: C1 (low
sustainability), C2 (medium), and C3 (high) [13]. The study involved 38 rural homeowners
who assessed the importance of criteria using the revised Simos procedure, using cards to
rank priorities. The experts defined profiles for each class (e.g., the profile represents the
representative performance for the elite class C3). To avoid arbitrary weight selection, a
Monte Carlo simulation was used. The resulting classification is presented in Table 12.

Table 12. Sorting of materials according to the group model [13].

Classification Materials Included Technical Justification

Sheep wool, hemp, glass wool, Exceed the ideal profile on at

Class C3 (Excellent) EPS, rockwool, PUR least 4-5 criteria out of 6

Average performance
Aerated concrete, expanded &P g

Class C2 (Average) cork, expanded perlite balanced bgtween cost and
environment
Fiberboard, mineralized Low performance on
Class C1 (Poor) wood, plywood environmental criteria (LCA)

Igbal et al. [37] used a more direct but rigorous method to evaluate material assemblies
in cold climates. Ten factors were evaluated, including space efficiency, ease of application,
nature conservation, and useful life. Weights were assigned following interviews with
20 local residents, architects, and industry technical experts. In the scorecard results,
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polyethylene achieved the maximum score (90.0), while XPS was considered the least
efficient in the specific context analyzed, with a score of 54.04 [38].

Integrated research by Giusi Midolo et al. [12], referring to the study by Ulutas
et al. [36], confirms the high potential of wool waste. In a comparison of 20 insulation
boards (including hemp, cellulose, cotton, and wood fiber), the MCDM algorithm placed
sheep’s wool at the top of the ranking. The criteria that placed wool at the top of the MCDM
analysis include (i) health and toxicity, as wool has the lowest negative impact on human
health compared to petrochemical materials; (ii) impact (LCA): wool is recognized as the
best option for reducing life cycle emissions; and (iii) hygrothermal performance: the ability
to regulate humidity through hysteresis, which reduces hours of indoor discomfort.

In the decision on optimal insulation thickness, it was shown that prioritizing different
perspectives can radically change the decision outcome [21]. The SEnergEd software was
used to visualize these trade-offs and it was observed that: (i) from an economic perspective,
the tendency is toward lower thicknesses (e.g., 8-14 cm) to maximize net present value
(NPV); and (ii) from an environmental perspective, the decision leans toward thicknesses
above 40 cm, as the benefit of reducing operational emissions outweighs the environmental
cost of manufacturing the material.

All the multi-criteria decision-making frameworks analyzed (TOPSIS, ELECTRE,
Scorecard) converge on the idea that, although synthetic materials such as polystyrene
are competitive from a technical and economic point of view, sheep’s wool is the optimal
solution for a truly sustainable construction, dominating the rankings when environmental
and health criteria are taken into account.

8. Conclusions

The construction sector is at a turning point, moving from a strictly technical as-
sessment of insulation materials to a paradigm based on sustainability and LCA. The
implementation of European strategies, such as the European Green Deal, requires achiev-
ing net-zero emissions by 2050, transforming the energy efficiency of building envelopes
from an option into a rigorous legislative requirement.

Research shows that sheep’s wool is not only a viable substitute for synthetic insulators
but also offers unique functional advantages, such as the ability to purify indoor air through
chemisorption and to actively regulate humidity through hysteresis. Although styrene
polymers (EPS/XPS) remain dominant in the market due to their low cost and superior
mechanical strength (up to 22.66 MPa in reinforced variants), their environmental impact is
significantly higher, with a GWP that can reach 13.22 kg CO, eq/kg. Sheep’s wool acts as a
carbon sink, often yielding a negative or zero GWP balance, consistently placing it first in
MCDM analyses for green buildings.

Future directions in the field of thermal insulation are oriented towards three major
technological pillars identified in sources:

e Hybrid composites and nanomaterials: Integrating natural fibers into cementi-
tious or polymeric matrices to create semi-rigid panels solves the problem of struc-
tural instability in raw wool, while maintaining excellent thermal conductivity
(0.032-0.043 W/mK). The development of nano insulation materials (NIM) and vac-
uum insulation panels (VIP) promises to reduce insulation layer thickness from 35 cm
to just 6 cm, although current costs remain a barrier to widespread adoption;

e  Smart materials: The implementation of dynamic insulation materials (DIMs) and
phase change materials (PCMs) will allow buildings to adapt their thermal resistance
in real time, optimizing energy consumption according to external climate fluctuations;

e  Circular economy and GIS logistics: The recovery of wool waste in regions with high
sheep density, such as Romania (3rd in Europe) or Italy (Sardinia, Sicily), through the
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use of Geographic Information Systems (GISs) to optimize supply chains, is key to
transforming agricultural waste into a sustainable technological resource.

In the future, sources emphasize the need to harmonize Environmental Product Decla-
rations and LCA calculation methods, as current data discrepancies can create uncertainty
in the design process. Future regulations, such as RE2020 in France, will force builders
to consider not only operational energy but also the energy embodied in materials, thus
favoring bio-based solutions.

Polystyrene offers predictable stability, and the future of sustainable construction
belongs to renewable materials and active hybrid composites that ensure superior indoor
comfort with minimal impact on the global ecosystem.

Sustainability assessment must go beyond the static analysis of raw materials, in-
tegrating the impact of hygrothermal degradation on the long-term U-value. Moisture
accumulation not only compromises thermal resistance by increasing conductivity, but
also alters the direct results of LCA by requiring a larger amount of material to meet
the Functional Unit standard and by reducing the useful life due to the risk of biological
degradation. Thus, the hygrothermal stability of hybrid systems ensures the integrity of
environmental performance and the entire life cycle.

The objectives of this review have been fulfilled, and the synthesis of hygrothermal,
mechanical and life-cycle evidence delineates clear research perspectives for wool-based
hybrid insulation systems that can reconcile energy efficiency, structural performance and
long-term environmental sustainability.
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