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Abstract: In this study, different combinations of mycelium biocomposites (MBs) were developed
using primary substrates sourced from the local agricultural, wood processing, and paper industries.
The physicomechanical properties, thermal conductivity, and fire behavior were evaluated. The
highest bending strength was achieved in composites containing waste fibers and birch sanding
dust, with a strength competitive with that of synthetic polymers like EPS and XPS, as well as some
commercial building materials. The lowest thermal conductivity was observed in hemp-based MB,
with a lambda coefficient of 40 m·W·m−1·K−1, making these composites competitive with non-
mycelium insulation materials, including synthetic polymers such as EPS and XPS. Additionally, MB
exhibited superior fire resistance compared to various synthetic foams and composite materials. They
showed lower peak heat release rates (134–243 k·W·m−2) and total smoke release (7–281 m2·m−2)
than synthetic polymers, and lower total heat release (6–62 k·W·m−2) compared to certain wood
composites. Overall, the mechanical and thermal properties, along with the fire performance of MB,
support their potential as a sustainable alternative to petroleum-based and traditional composite
materials in the building industry.

Keywords: mycelium biocomposites; ecological insulation; Trametes versicolor; waste fibers; birch
sawdust; hemp shives

1. Introduction

Conventional insulation materials, such as fiberglass, mineral wool, polystyrene,
and polyurethane foam, have long been the solution for improving energy efficiency in
buildings. These materials are designed to reduce heat transfer, enhance thermal comfort,
and lower energy consumption [1,2]. However, while they are widely used due to their
availability and insulating properties, conventional insulation products often come with
environmental concerns [3]. Many are made from non-renewable resources, have high
embodied energy [4] and can release harmful chemicals during manufacturing, installation,
or disposal [5]. As demand for more sustainable building practices grows, the limitations
of traditional insulation materials are becoming increasingly evident. More than 30% of
the EU’s environmental footprint comes from buildings, making it the sector with the
highest environmental impact. About one third of the Union’s material consumption goes
to construction. The use of buildings accounts for 42% of the total energy consumption and
35% of greenhouse gas emissions [6].

Renewable insulation materials have a lower environmental impact compared to
conventional options. Although insulation materials derived from non-mineral, non-fossil,
and non-wooden sources still hold a relatively small market share, they offer significant
potential to reduce the environmental footprint of construction ventures [7]. The main
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opportunities for the integration of bio-based insulation materials in the European construc-
tion sector involve the gradual improvement with supportive policies, growing thermal,
acoustic, and environmental performance, long-term cost savings, and increasing educa-
tional initiatives and advertising [8].

Natural fibers are eco-friendly, renewable materials that offer numerous advantages over
synthetic fibers. They possess beneficial properties such as low weight, cost-effectiveness,
low density, high specific properties, and availability from renewable resources. Extensive
research has been conducted on natural fibrous materials to enhance the thermal insulation,
mechanical, and physical properties of composite materials, making them highly promising
for building applications [2]. A notable example is lime–hemp concrete, or hempcrete, a
sustainable construction material made from hemp shives and lime as a binder [9]. Another
type of sustainable biomaterial is mycelium composites (MBs), which are made from
organic fibers bonded together by fungal mycelium. MBs do not generate non-recyclable
waste and help reduce existing organic waste by utilizing the natural growth of fungi
and agricultural or forestry by-products [10,11]. In recent years, MB research has gained
increasing relevance due to its low production costs, ecological benefits, and high artistic
value [12]. MB production requires less fossil energy and offers environmental advantages
compared to conventional insulation materials. In particular, MBs have a lower climate
change impact than materials like extruded polystyrene, foam concrete, and rockwool,
although they require more land use and water compared to the conventional materials [13].
Moreover, MBs are fully biodegradable and compostable [14], making them an ideal choice
for reducing the environmental impact of construction.

MBs can be engineered with varying properties, depending on factors such as the
fungal species and strains used, the substrate composition, its structure and particle sizes,
as well as the incubation conditions [15]. The substrate influences the concentrations of
polysaccharides, lipids, proteins, and chitin in fungal hyphae, which in turn affect the
material’s morphology and mechanical properties. This variability allows the properties of
MBs to be tailored for different applications [16]. It also allows each substrate composition
to be considered unique and unexplored until detailed tests and measurements have been
carried out. The properties of potential building materials are particularly important for
comparing them with standardized and frequently used materials and predicting their
real applicability.

This study aimed to evaluate the potential of MBs as insulation materials for future
applications in the building industry, focusing on their mechanical, thermal, and fire properties.
Agricultural and wood processing by-products, along with waste fibers from the paper
industry, were selected as the primary substrates in various combinations for MB development,
with the basidiomycete Trametes versicolor serving as the substrate-binding agent.

2. Materials and Methods

The primary substrates and additives used to develop MBs were sourced locally.
Hemp (Cannabis sativa L.) shives (HS) were obtained from agricultural waste, while silver
birch (Betula pendula Roth) sawdust (BS) came from the wood processing industry. Birch
sanding dust (BSD) substrate and birch bark (BB) additive were supplied by the plywood
manufacturer AS “Latvijas Finieris”. Waste fibers (WF) were sourced from industrially
recycled pulp provided by SIA “V.L.T.”, a molded fiber products company. Wheat bran
(WB) additive was purchased from a retail supplier. The WF consisted of 60% mixed
waste paper (such as newspapers, journals, books, office paper, and packaging paper),
30% cardboard, 5% printing house waste, and 5% waste from egg packaging production [17]
(Figure 1). As noted in a previous study [14], the BB additive functioned as a potential
water-repellent to enhance the material’s hydrophobic properties, while WB was used as a
nutritional supplement.
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Figure 1. The main substrates and developed mycelium biocomposites with hemp shives (A), birch 
sawdust (B), waste fibers (C), and birch sanding dust (D). 

Three different sample variants were prepared for each substrate group (Table 1), 
with 75% distilled water added to each variant. 

  

Figure 1. The main substrates and developed mycelium biocomposites with hemp shives (A), birch
sawdust (B), waste fibers (C), and birch sanding dust (D).

Three different sample variants were prepared for each substrate group (Table 1), with
75% distilled water added to each variant.
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Table 1. Mycelium biocomposite substrate groups—C (hemp), D (sawdust), M (waste fibers), S (sanding
dust) and variants 1, 2, 3. HS = hemp shives; BS = birch sawdust; WF = waste fibers; BSD = birch sanding
dust; WB = wheat bran; BB = birch bark.

Variant
Component (g)

HS BS WF BSD WB BB

C1 600 - - - 48 -
C2 420 - - - 48 180
C3 648 - - - - -

D1 - 600 - - 48 -
D2 - 420 - - 48 180
D3 - 648 - - - -

M1 - - 600 - 48 -
M2 300 - 300 - 48 -
M3 - 300 300 - 48 -

S1 - - - 600 48 -
S2 300 - - 300 48 -
S3 - 300 - 300 48 -

The particle size and fraction percentages in the substrates were determined using an
AS200 analytical sieve shaker (Retsch GmbH, Haan, Germany). The sieves were arranged
vertically, with opening sizes of 10 mm, 7 mm, 5 mm, 3 mm, and 1 mm. After sieving, each
granulometric fraction retained on the sieve was weighed, and its percentage relative to
the total weight was calculated.

The fungus Trametes versicolor (L.) strain Quélet (FPRL 40C) was cultivated on MEA
(5% malt extract, 3% agar) solid medium for 14 days at 22 ± 2 ◦C temperature and relative
humidity (RH) 70 ± 5%, then used as inoculate for liquid medium. The mycelium was
cultivated in a liquid medium containing 15.0 g glucose, 3.0 g peptone, 3.0 yeast extract,
0.8 g NaH2PO4, 0.4 g K2HPO4, 0.5 g MgSO4 on L water, pH 6, (all chemicals from Sigma
Aldrich, Schnelldorf, Germany) in rotating shaker Multitron (Infors HT, Basel, Switzerland)
for 14 days at 27 ◦C/150 rpm. After cultivation, mycelial pellets were homogenized by
a Waring laboratory blender and mixed with sterile substrates in 4 L filter patch bags.
Inoculated bags were incubated at 20 ± 2 ◦C and 70 ± 5% RH in the dark for 14 days.
Afterward, the substrate-mycelium mixture from bags was transferred to molds with
sizes 200 × 200 × 40 mm for the second growth phase. The molds were incubated in the
conditions mentioned above for 7 more days, after which the developed MB samples were
unmolded and dried at 70 ◦C for 24 h to inactivate fungal growth and calculate the moisture
content. The final moisture content (%) of developed MBs was calculated from the wet and
final dry weights. The MB plates were cut with a bandsaw into appropriate-size specimens
for further analysis.

Micromorphology of the MB specimens was examined using a Leica S9i digital stereo
microscope with a 10 MP integrated camera (Leica Microsystems, Wetzlar, Germany). The
outer surface and cross-sections of the specimens were observed at magnifications ranging
from 20× to 50×. Images were analyzed using Leica LAS V 4.12.0 software and stored in a
PC database. For Scanning Electron Microscopy (SEM) 2 × 2 mm cubes located 1 cm from the
sample surface were cut out and observed under SEM Tescan Vega TX (Brno, Czech Republic)
to evaluate fungal distribution in the deeper levels of the samples. Before imaging, the samples
were coated with gold plasma using a K550X sputter coater (Emitech, Chelmsford, UK). The
samples were placed on graphite tape and scanned at a magnification 1000×.

MB specimens were weighed and manually measured in size in all three dimensions:
length, width, and thickness, and with a digital caliper Scala Inox (Scala Messzeuge GmbH,
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Dettingen unter Teck, Germany). Specimen volume was calculated using Equation (1) and
material density with Equation (2):

V =
l × w × h

1000
(1)

where: V = volume [cm3]; l = length [mm]; w = width [mm]; h = height [mm].

ρ =
m
V

(2)

where: ρ = density [g·cm−3]; m = mass [g]; V = volume [cm3].
Bending strength was detected for five parallel specimens with dimensions of

170 × 30 × 30 mm for each composition using the universal testing device Z010 (ZwickRoell,
Ulm, Germany). The bending test procedure was carried out according to the standard EN
12089:2011 [18] in room conditions (23 ± 2 ◦C, RH 50 ± 5%). The pressure was applied at
a speed of 10 mm min−1, and the pre-load was 1 N. Bending tests were performed in a
three-point bending setup with a 150 mm span between supports. The maximal bending
strength is calculated using Equation (3):

σfM =
3FmL
2bh2 (3)

where: σfM = the maximal bending strength [MPa]; Fm = the maximal applied force [N];
L = the span length [mm]; b = the width of sample [mm]; h = the thickness of sample [mm].

The modulus of elasticity is calculated using Equation (4):

E =
L3

4bd3 × Ft

xt
× 103 (4)

where: E = modulus of elasticity [MPa]; L = the span length [mm]; b = the width of the
sample [mm]; h = the thickness of sample [mm]; Ft = the force, corresponding to the
deflection xt [N]; xt = the corresponding deflection [mm].

Thermal conductivity was measured using a Linseis HFM 200 in accordance with
ISO 8301:1991 [19], with a temperature difference (∆T) of 20 ◦C (cold plate: 0 ◦C, hot plate:
+20 ◦C). Three replicate samples, each 200 × 200 × 30 mm, were tested.

The cone calorimetry method based on oxygen consumption is commonly employed
to assess the heat release behavior during a fire. The reaction to fire was evaluated using
an FTT Dual Cone Calorimeter in accordance with ISO 5660-1:2015 [20] MB specimens,
measuring 100 × 100 × 30 mm, were subjected to a constant heat flux of 35 k·W·m−2

(Figure 2).
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Figure 2. Cone calorimeter test procedure (A) and mycelium biocomposite with birch sanding dust
substrate before (B) and after (C) burning.
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The statistical analysis was conducted using RStudio (R version 4.2.1). Differences
with a p-value < 0.05 were considered significant. One-way ANOVA was employed to
assess the significance of differences across groups, followed by Tukey’s HSD post hoc
tests for pairwise comparisons. The following R packages were utilized: agricolae for
performing the ANOVA and Tukey HSD tests, dplyr for data manipulation, readxl for
reading Excel files, and writexl for exporting results (Supplementary Materials).

3. Results and Discussion

The role of substrates in mycelium composites is crucial, as the substrate serves as the
primary growth medium for the mycelium and greatly influences the final properties of the
composite material. Different substrates lead to varying concentrations of polysaccharides,
proteins, lipids, and chitin in the mycelium, which affects the morphology, density, and
overall performance of the composite. This allows for tailoring the mycelium composite to
specific applications by altering the substrate [16].

3.1. Granulometry

Particle size distribution was strongly dependent on the substrate and affected the MB
density. In hemp substrate, 3–5 mm particles prevailed over other sizes (Figure 3).
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Figure 3. Particle size distribution of the substrates. HS = hemp shives; BS = birch sawdust; WF = waste
fibers; BSD = birch sanding dust.

BS primarily consisted of particles measuring ≤3 mm, BSD was limited to ≤1 mm.
It is important to note that the dry WF, when sieved, tended to clump together, forming
larger aggregates with particle sizes of 7–10 mm (Figure 1C). During the composite prepa-
ration stage, wetting caused these aggregates to break apart into a homogeneous mass of
smaller fibers.

3.2. Micromorphology

MBs result from a biological process, making adequate moisture in the substrate
essential for fungal development. In the finalized MBs, the average moisture content was
57% for the hemp (C) group, 50% for the sawdust (D) group, 64% for the waste fibers (WF)
group, and 67% for the sanding dust (S) group. (substrate groups are defined in Table 1).

The adequate moisture content of the substrates promoted fungal growth both on the
outer surface and within the cross-section of the developed MB variants. The hemp composites
(C1 variant) exhibited a heterogeneous particle distribution with a porous structure, where
the voids were filled with sparse fungal mycelium. Hyphae were also observed attaching
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to the hemp and wheat bran (WB) particles (Figure 4A,B). In contrast, the sawdust samples
(D1 variant) displayed a more compact particle arrangement, particularly in the inner layers,
with fewer voids and thicker mycelial colonies (Figure 4C,D). This observation aligns with
the granulometric analyses, which showed that particle sizes of ≤3 mm predominated in the
sawdust substrate (Figure 3). Dense mycelium was present both on the surface and within the
cross-section of the sawdust composites.
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Figure 4. Microstructure of mycelium biocomposites derived from Trametes versicolor mycelium
and different substrates: (A,B) hemp (HS)/wheat bran (WB); (C,D) birch sawdust (BS)/WB;
(E,F) waste fibers (WF)/WB; (G,H) birch sanding dust (BSD)/WB. Arrows indicate substrates with
WB, mycelium (M), voids (V), and ink (I). Scale bars 500 µm (A,C,E,F,G) and 2 mm (B,D,F).
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Waste fiber (M variant) samples exhibited a distinct morphological pattern compared
to the hemp and sawdust composites, characterized by a notably compact and dense
arrangement of substrate particles and mycelial colonies, with only a few dispersed voids.
The presence of residual ink particles, which can be expected because of waste paper is
used, did not appear to hinder hyphal growth (Figure 4E,F). Similarly, the sanding dust
(S variant) substrate led to the formation of a homogeneous MB material, featuring a dense
network of substrate and mycelium both on the surface and within the inner layers of the
composite (Figure 4G,H).

SEM micrographs illustrating the distribution of fungal hyphae within the MBs are
presented in Figure 5. In the HS substrate (Figure 5A), sparse mycelium was observed filling
the voids between substrate particles, with hyphae distributed along the woody fibers of
the shives (arrows), utilizing them as a nutrient source. In the BS composites (Figure 5B),
dense mycelium was observed filling the voids and connecting the substrate particles.
Additionally, hyphal distribution was evident both along and between the individual
wooden cells. The WF were covered by dense mycelium (Figure 5C), which also extended
throughout the substrate particles. The BSD composites exhibited a compact microstructure
(Figure 5D), characterized by small voids (asterisks) and a hyphal network enveloping the
individual wood cell particles (arrows), resulting in a homogeneous composite structure.
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Figure 5. SEM images of mycelium biocomposites in cross-section: (A) hemp substrate (HS); (B) birch
sawdust (BS) substrate; (C) waste fibers (WF) and (D) birch sanding dust (BSD) substrates. Arrows
indicate the fungal hyphae and arrowheads mark the substrates; asterisks indicate voids. Scale bar
50 µm.

The SEM micrographs confirmed that all substrates facilitated hyphal distribution by
overgrowing the substrate particles and penetrating the structure of individual substrate
fibers. Mycelial growth was also noted in the empty spaces of the composites, which acted
as air pockets to support continuous hyphal growth.

3.3. Bending Strength

The physico-mechanical properties of the MB variants are presented in Table 2.
ANOVA indicated significant differences in material density, bending strength, and elastic
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modulus (p < 0.001). The D3 variant was excluded from this analysis due to insufficient
replicates, as its weak structure collapsed when pressure was applied. This can be at-
tributed to the use of pure sawdust substrate without the addition of wheat bran (WB) as a
nutritional supplement. WB is recognized as an effective growth substrate that promotes lig-
nocellulolytic enzyme production in many basidiomycetes [21]. As a result, fungal growth
was limited, leading to extremely low mechanical strength in the sawdust composite.

Table 2. Bending strength (σfM) and elastic modulus (E) results with SD of mycelium biocomposites
variants containing hemp (C), sawdust (D), waste fibers (M), and sanding dust (S) as the main
substrates; n = 5.

Variant Density
g·cm−3

σfM
MPa

E
MPa

C1 0.10 ± 0.00 0.11 ± 0.03 5.55 ± 1.26
C2 0.14 ± 0.00 0.15 ± 0.01 5.11 ± 0.47
C3 0.09 ± 0.00 0.10 ± 0.01 4.42 ± 0.27

D1 0.21 ± 0.00 0.25 ± 0.02 14.66 ± 1.76
D2 0.22 ± 0.00 0.17 ± 0.01 8.78 ± 1.31
D3 - - -

M1 0.32 ± 0.01 0.39 ± 0.05 26.66 ± 7.34
M2 0.16 ± 0.00 0.42 ± 0.04 9.06 ± 1.98
M3 0.23 ± 0.00 0.45 ± 0.06 9.38 ± 4.46

S1 0.19 ± 0.00 0.10 ± 0.01 4.10 ± 0.17
S2 0.14 ± 0.01 0.51 ± 0.05 17.87 ± 2.88
S3 0.22 ± 0.00 0.32 ± 0.03 5.82 ± 1.92

The density of the MB variants was influenced by both the primary substrate and
the combinations with co-substrates and additives. The densities of the MB variants
ranged from 0.09 to 0.32 g·cm−3. The lowest density was observed in the hemp-containing
composites (C1), which had a density of 0.1 g·cm−3, followed by the sawdust (D1) and
sanding dust (S1) groups, each with densities around 0.2 g·cm−3. The waste fiber samples
(M1) exhibited the highest density, reaching 0.3 g·cm−3 (Table 2). According to post hoc
analysis, significant differences were found among all groups, except between C3 and C1,
S2 and C2, M3 and D2, S3 and D2, S1 and D1, and S3 and M3. Similar densities ranging from
0.10 to 0.17 g·cm−3 have been reported for mycelium composites made with rapeseed straw
and beech sawdust [22]. In comparison, traditional construction or insulation materials
have densities that vary from 0.02 g·cm−3 for synthetic foams like expanded polystyrene
(EPS) and extruded polystyrene (XPS) [23,24] to 0.7 g·cm−3 for wood composite OSB [25].

There was a significant variation in bending strength, ranging from 0.10 to 0.51 MPa,
and elastic modulus, ranging from 4.10 to 26.66 MPa, across all MB variants (Table 2). The
hemp variant C2, which included a birch bark (BB) additive, exhibited the highest density
and a bending strength of 0.15 MPa within the C substrate group. In the sawdust substrate
group (D), the highest bending strength of 0.25 MPa and an elastic modulus of 14.66 MPa
were recorded for variant D1.

Among all substrate groups, waste fibers (M1–3) demonstrated the highest bending
strength, ranging from 0.39 to 0.45 MPa, with variant M1 showing an elastic modulus of
26.66 MPa, significantly differing from all other substrate groups. The higher elasticity
in the material is likely due to the use of pure waste fibers derived from various wood
fibers with an average length of 1.1 mm and an average width of 25 µm [17]. These
natural fibers tend to have flexible and resilient properties, which can contribute to the
overall elasticity of the MBs. Wood fibers, such as cellulose, are known for their strength
and flexibility [26], which may enhance the mechanical performance of the composite,
particularly in terms of elasticity and deformation resistance. The opposite results were
reported by Teeraphantuvat et al. (2024) [27], where the addition of paper waste to sawdust
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containing mycelium composites did not improve their flexural strength which decreased
from 0.090 MPa to 0.018 MPa when 40% paper waste was added.

A low strength within the sanding dust (S) group exhibited the S1 variant with σfM
0.10 MPa. In comparison, the highest value of σfM 0.51 MPa and elastic modulus 17.87 MPa
showed the S2 variant with added hemp and WB supplement (Table 2). Comparing the S1,
S2, and S3 variants with each other, the strength of the S1 variant was significantly lower
than that of the S2 and S3 variants, while the strength of the S2 variant was significantly
the highest. This variation can be attributed to the small particle size of the S1 substrate
(≤1 mm) compared to S2, which had the added hemp co-substrate. Similarly, the sawdust
co-substrate in the S3 variant increased the bending strength to 0.32 MPa.

Similar values of flexural strength were recorded for non-pressed Trametes ochracea com-
posites containing beech sawdust (0.29 MPa) and rapeseed straw (0.22 MPa) substrates [22].
However, these results are lower compared to the bending test results obtained in this study,
where the highest bending strength values of 0.51 MPa and 0.45 MPa were achieved using
substrate combinations of sanding dust/hemp and waste fibers/sawdust, respectively.

Currently, mycelium-based materials cannot compete with the types of oriented
strand board (OSB) composites, which have significantly higher flexural strengths ranging
from 19 MPa [25] to 21–28 MPa [28]. In contrast, the bending strength of MB materials is
competitive with synthetic polymers, such as expanded polystyrene (EPS) with 0.3 MPa [23]
and extruded polystyrene (XPS) with bending strengths of 0.5 to 0.6 MPa [24]. Furthermore,
a commercial hempcrete product exhibits a flexural strength of 0.30–0.40 MPa [9], which is
comparable to that of MB materials.

3.4. Thermal Properties

The thermal conductivity of the MB materials is shown in Figure 6. The ANOVA
revealed significant differences in material density and thermal conductivity (p < 0.001).
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Since the MB samples within each substrate group had varying densities, the lambda
values were influenced and differed for each specific sample within the group.

The thermal conductivity of hemp C (Figure 6A) composites was lower, averaging
between 40 to 41 m·W·m−1·K−1, compared to the other substrate groups (Figure 6). This
lower thermal conductivity was attributed to the lower apparent density of the hemp-
containing MBs, which reduced the lambda value. The thermal conductivity of birch
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sawdust D (Figure 6B) composites was around 50 m·W·m−1·K−1, with nearly twice higher
density than hemp MBs. The thermal conductivity for waste fiber M (Figure 6C) composites
ranged from 46 to 51 m·W·m−1·K−1. It was influenced by both the specific variant and the
apparent density of individual samples. The average lambda values for the sanding dust
S (Figure 6D) group were more varied, ranging from 44 to 64 m·W·m−1·K−1, depending
on the sample’s apparent density. Adding hemp co-substrate in the S group significantly
reduced apparent density and the average lambda coefficient to 44 m·W·m−1·K−1. Variant
S1, which contained sanding dust and WB additive, exhibited the highest apparent density
and lambda values, showing significant differences from all other groups.

Thermal conductivity previously reported for Trametes versicolor composites ranged
from 54 m·W·m−1·K−1 [29] to 64 m·W·m−1·K−1 [30] on beech sawdust, which aligns with
the values observed for birch substrates used in this study. The wooden particles contribute
to higher apparent density and, consequently, higher thermal conductivity. Holt et al.
(2012) [31] obtained mycelium composites with a thermal conductivity between 100 and
180 m·W·m−1·K−1 by inoculating different fractions of cotton agricultural residues, starch,
and gypsum with Ganoderma sp., which is more than double the thermal conductivity
results found in this study. Wimmers et al. (2019) [32] utilized five different tree species as
substrates and nine fungal species as inoculum to determine which combinations of wood
fibers and selected wood rot fungi were most suitable for panel production. This research
resulted in boards with a similar thermal conductivity of around 50 m·W·m−1·K−1 for all
panels, slightly higher than the lower thermal conductivity results obtained in this study.
The lambda value of 40 m·W·m−1·K−1 observed for hemp MBs in this study indicates that
hemp-based MB samples are more successful options for thermal insulation solutions.

The hemp-based MBs are also competitive with non-mycelium insulation materials
in terms of thermal conductivity properties. The lambda coefficients of synthetic foam
materials, such as EPS and XPS, are slightly lower than MBs, 37 and 38 m·W·m−1·K−1,
respectively [33]. Low-density glass wool, rock wool, and wood fiber wool insulation
materials have lambda coefficients of 36, 40, and 50 m·W·m−1·K−1, respectively [33].
Currently, rigid polyurethane foam (RPUF) is an insulation material with one of the lowest
thermal conductivity of 18–24 m·W·m−1·K−1 available on the market [34], approximately
half that of MBs.

However, RPUF has significant drawbacks. Its thermal conductivity tends to increase
over the exploitation of the material due to the blowing agent gas diffusion from the
material [35]. The gas diffusion is mitigated by inclosing the RPUF in gas tight barrier,
such as metal sheet in sandwich type polyisocyanurate foam panels or by producing
soft shin RPUF foam panels covered with aluminum foil. Most of the RPUF thermal
insulation materials commonly used is still sourced from petrochemical feedstock that
is not renewable [36]. Lastly, the RPUF releases toxic smoke during burning due to the
inherent chemical structure of the material [37]. The thermal conductivity of MBs could
potentially be improved by incorporating extra light ingredients, creating a more porous
structure, and reducing density. The MB composites hold a significant advantage over
thermal insulation materials because they are produced entirely from bio-based feedstock.

3.5. Reaction to Fire

Table 3 presents the cone calorimetry test results of the MB samples, including key fire
performance metrics: time to ignition (TTI), time to flameout (TTF), total heat release (THR),
peak heat release rate (pHRR), time to peak heat release rate (TTP), total smoke release
(TSR), and the heat release rate (HRR) (Figure 7). For comparison, the fire characteristics
of EPS and XPS [38] which are commonly used insulation materials in buildings, have
also been included in Table 3. ANOVA indicated significant differences across all tested
parameters, such as TTI, TTF, THR, pHRR, and TSR (p < 0.001).
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Table 3. Cone calorimeter measurements with SD of mycelium biocomposites variants containing
hemp (C), sawdust (D), waste fibers (M), and sanding dust (S) as the main substrates at an irradiance
of 35 k·W·m−2; n = 4.

Variant TTI
s

TTF
s

THR
k·W·m−2

pHRR
k·W·m−2

TTP
s

TSR
m2·m−2

C1 7 ± 1 372 ± 39 12.5 ± 2.0 150.0 ±0.9 19 ± 1 16.0 ± 3.1
C2 10 ± 0 747 ± 94 30.1 ± 1.5 199.0 ± 2.2 23 ± 1 142.1 ± 7.7
C3 8 ± 1 279 ± 13 12.3 ± 0.5 162.7 ± 6.0 19 ± 1 13.6 ± 0.6

D1 13 ± 2 708 ± 63 33.6 ± 1.7 183.0 ± 10.4 26 ± 3 24.0 ± 4.7
D2 15 ± 1 1181 ± 74 62.1 ± 3.5 181.1 ± 13.4 30 ± 2 281.5 ± 26.2
D3 12 ± 1 711± 12 35.0 ± 2.1 243.1 ± 10.2 25 ± 1 40.6 ± 8.2

M1 15 ± 5 149 ± 69 5.8 ± 0.6 133.9 ± 12.2 26 ± 6 36.0 ± 2.7
M2 9 ± 0 755 ± 21 11.9 ± 5.9 144.6 ± 10.7 21 ± 1 90.7 ± 23.1
M3 18 ± 2 854 ± 61 22.3 ± 4.2 141.5 ± 7.4 31 ± 2 7.4 ± 1.1

S1 14 ± 2 818 ± 363 55.3 ± 6.0 190.2 ± 12.1 23 ± 8 11.3 ± 0.5
S2 9 ± 1 548 ± 25 19.8 ± 2.1 164.2 ± 7.0 21 ± 1 10.5 ± 1.4
S3 13 ± 2 695 ± 57 32.8 ± 5.1 184.8 ± 27.2 26 ± 1 15.3 ± 1.2

XPS [38] 5 174 26.2 423 33 -

EPS [38] 29 135 11.2 377 32 -
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Figure 7. HRR curves of C (hemp), D (birch sawdust), M (waste fibers) and S (birch sanding
dust) containing mycelium composites. The numbers 1, 2, 3 indicate the different variants of each
substrate group.

Time to ignition (TTI) refers to the period between the start of heat exposure and the
point when sustained flaming occurs. For the MB samples, TTI ranged from 9 to 18 s, while
synthetic foams XPS ignited in 5 s, and EPS in 29 s (Table 3). The shorter ignition times for
hemp composites (C group) and hemp-containing variants, such as M2 (waste fibers) and
S2 (sanding dust), indicate a higher ignition risk compared to birch sawdust-containing MBs



Materials 2024, 17, 6111 13 of 17

(D group and M3, S3). The ignition behavior was influenced by apparent density and surface
roughness of the samples and thickness of the composites outer layer. For example, the hemp
composites (C group), which had the lowest density (Figure 6A), showed the shortest ignition
times. Similar TTI values have been reported for other MB materials, such as rice hulls and
wheat grains, which ignited at 7 and 12 s, respectively [39]. However, all MB variants exhibited
longer TTI than XPS (Table 3). Due to their higher density and composition, OSB and plywood
demonstrated longer ignition times, ranging from 24 to 25 s [40,41].

MBs consist of organic matter, including fiber biopolymers such as polysaccharides,
lignin, and fungal hyphae, which contain chitin, glucans, mannans, glycoproteins, and
glycolipids. The thermal degradation of natural fibers occurs in stages: hemicellulose
decomposes around 250–370 ◦C, α-cellulose breaks down between 340 and 370 ◦C via
depolymerization, and lignin decomposes in the temperature range of 200–500 ◦C [42].
Fungal mycelium, begins decomposing at approximately 250 ◦C [39]. These factors mutu-
ally influence the flammability behavior and ignition times of MB materials.

The time to flameout (TTF) was higher for the hemp (C2) and sawdust (D2) substrate
groups that contained the birch bark (BB) additive. The addition of BB also led to increased
total heat release (THR) and peak heat release rate (pHRR) values (Table 3). Notably,
D2 variant showed significant differences from all other groups in terms of TTF and THR,
indicating that including bark reduced the fire performance. This suggests that while BB
may enhance other properties of MBs, like reduction in water absorption [14], its presence
increases the amount of heat released and prolongs burning, making the material more
susceptible to fire hazards. When comparing the M1, M2, and M3 variants, it was observed
that the M3 variant had the longest average burning time, while the M1 variant had the
shortest. The M1 variant exhibited a statistically significant difference in burning time
compared to the M2 and M3 variants. However, no significant differences were found
between the M2 and M3 variants. Within the S group, the S1 variant exhibited the longest
average flameout time, although this result was not significantly different from that of the
S3 variant. In contrast, the S2 variant demonstrated longer average flameout time and a
statistically significant difference compared to the other samples.

The total heat release (THR) of MBs was influenced by both the substrate type and
composite density. Hemp composites (C group), with half the density of sawdust com-
posites (D group), exhibited nearly three times lower THR. However, the bark additive in
the C2 and D2 variants significantly increased the THR to 30 k·W·m−2 and 62 k·W·m−2,
respectively. In contrast, waste fiber composites (M group), despite having higher densities
than sanding dust composites (S group), displayed lower THR values (up to 22.3 k·W·m−2)
than S composites group (55.3 k·W·m−2) (Table 3). For comparison, wood composites
such as OSB and pine plywood showed much higher THR values, ranging from 98 to
127 k·W·m−2 [40,41] demonstrating the superior fire performance of MB materials.

The heat release rate (HRR) is a key factor in assessing fire hazards, as higher HRR
values increase the potential for flame spread. The peak heat release rate (pHRR) is
particularly important for determining fire performance, as it directly influences building
fire safety design. Among the basic MB substrates—hemp (C1), sawdust (D1), waste
fibers (M1), and sanding dust (S1)—the lowest pHRR was observed in the M1 variant
(134 k·W·m−2), followed by C1 (150 k·W·m−2), while the highest values were recorded
for D1 and S1, at 183 k·W·m−2 and 190 k·W·m−2, respectively (Table 3; Figure 7). Notably,
pHRR values for all MB variants were significantly lower than those of synthetic materials
such as XPS and EPS (Table 3). This indicates that mycelium-based materials could offer
competitive fire performance, especially compared to wood composites like OSB and pine
plywood, which reach higher pHRR values between 240 and 280 k·W·m−2 [40,41]. The
lower pHRR could be attributed to the formation of the residual char produced by the
mycelium. A surface char layer reduces heat release by acting as a thermal insulator and
limiting the supply of combustible gases and oxygen to the flame front [39]. The nitrogen
presence in the chemical structure of the mycelium promotes the char formation. Nitrogen
is structurally and functionally linked with fungal cellular proteins, enzymes, nucleic acids,
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and chitin [43,44]. The total nitrogen content in the mycelium of T. versicolor was reported
to be more than 6% [14].

The time to peak heat release rate (TTP) for MB materials varied by variant, ranging
from 19 to 31 s. This duration is shorter than that observed for XPS and EPS, which were
33 and 32 s, respectively (Table 3).

Total smoke release (TSR) is a key indicator of smoke hazard and plays a crucial role
in evaluating the fire performance of building materials. The TSR for MB variants ranged
from 7 to 281 m2·m−2, with the bark-containing hemp (C2) and sawdust (D2) variants
exhibiting TSR values that were 7 to 11 times higher than those of other variants within their
respective substrate groups (Table 3). In comparison, rigid polyurethane foam (RPUF) has
been reported to have TSR values ranging from 400 to 990 m2·m−2 [45], while RPUF and
polyisocyanurate (PUR-PIR) modified with rapeseed oil-based polyols have TSR values
from 204 to 560 m2·m−2 [46]. Smoke and toxic gases are significant contributors to fatalities
and injuries in building fires, a risk that is intensified by the increasing use of synthetic
materials and chemical additives in modern construction [47]. In this context, MBs are a
promising alternative to synthetic materials, offering probably lower toxicity of released
smoke. The chemical composition of the released smoke was not studied as it was out of
scope of the present study.

Composites made with waste fibers (M1) exhibited the lowest TTF (149 s), along
with the THR (5.8 k·W·m−2) and pHRR (134 k·W·m−2) among all MB variants, including
synthetic foams XPS and EPS (Table 3). WF variants containing co-substrates, such as
hemp (M2) or sawdust (M3), demonstrated higher TTF, THR, and pHRR values than M1,
indicating that the choice of co-substrate significantly influences the fire properties of the
waste fiber composite.

The fire performance of sanding dust (S group) composites was generally comparable
to sawdust (D group) composites, with some variations due to specific variants. For
instance, the inclusion of a hemp co-substrate (S2) led to reduced TTI, TTF, THR, and pHRR
values within the S substrate group. Hemp composites (C group) and those containing
hemp co-substrates (M2 and S2) exhibited lower ignition times compared to birch sawdust
(D group) and sanding dust (S group) variants. Additionally, THR and pHRR values
for hemp-containing composites were lower than those of the sawdust and sanding dust
groups, except for variant C2, which included a birch bark additive that increased TTI,
THR, and pHRR [42] noted that the flammability properties of natural fibers are generally
correlated with their lignin content. Fibers with low lignin and high cellulose content tend
to exhibit lower pHRR, attributed to cellulose’s low effective heat of combustion. It leads to
charring and incomplete combustion, limiting the contribution of these fibers to the overall
heat generated during burning.

To summarize the overall results obtained in this study, some aspects of the potential
use of MBs in constructions are noted herewith. The developed thermal insulation is
specifically designed for installation between layers of walls, enhancing its effectiveness by
utilizing its relatively low thermal conductivity. This characteristic is crucial as it minimizes
heat transfer, leading to improved energy efficiency and maintaining comfortable indoor
temperatures. To further enhance mechanical performance, MBs can be encased in a
rigid shell or reinforced with a bio-based fiber composite. This protective shell not only
bolsters the overall durability and strength of the insulation system but also safeguards
it from environmental factors. Alternatively, the MB material can be reinforced with a
bio-based flax fiber composite. Flax fibers are renowned for their excellent mechanical
properties, including high tensile strength and stiffness, which significantly enhance the
structural integrity of the assembly. Additionally, being bio-based, they contribute to the
sustainability of the overall system. By integrating these materials, it is possible to create
a robust and effective insulation solution that addresses both thermal performance and
mechanical resilience. This innovative approach harnesses sustainable materials, aligning
with contemporary building practices that prioritize environmental responsibility alongside
high performance. Even more, MBs are generally considered to be a sustainable and non-
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toxic materials, offering a safe alternative for indoor use. When working with MBs, cutting
or sanding can generate dust that should not pose a greater hazard than the dust produced
during the cutting of wood. Once installed, MB materials do not emit harmful volatile
organic compounds (VOCs) or mycotoxins. The fungus T. versicolor is utilized in its mycelial
stage, during which it does not produce or release spores. This species is one of the most
studied mushrooms in lignocellulose-based bioeconomy and traditional medicine where it
is used in the form of extracts or biomass [48]. Thus, MBs are considered safe for indoor
environments and do not pose health risks through ongoing exposure.

4. Conclusions

The density of mycelium-based composites was influenced by the primary substrate
and the combinations with co-substrates and additives. Including birch bark additive in
the hemp and sawdust substrate groups resulted in a higher density. However, the bending
strength was more closely related to the combination of substrates than density alone.
The highest bending strength was observed in the waste fiber composite with sawdust
co-substrate (M3) and in the sanding dust composite with hemp co-substrate (S2), achieving
values of 0.45 MPa (ρ = 0.023 g·cm−3) and 0.51 MPa (ρ = 0.14 g·cm−3), respectively. The
bending strength of these MB materials is competitive with that of synthetic polymers like
EPS and XPS, and some commercial building materials, such as hempcrete.

The thermal conductivity of MBs was influenced by their density. The lowest conductivity
was observed in hemp-based MBs, which had a lambda coefficient of 40 m·W·m−1·K−1.
In terms of thermal properties, hemp MBs can compete with non-mycelium insulation
materials, including synthetic polymers like EPS and XPS, as well as glass wool, rock wool,
and wood fiber wool.

MBs exhibited superior fire resistance compared to various synthetic foams and
composite materials. They demonstrated lower pHRR and TSR than synthetic polymers
and lower THR than certain wood composites. The M1 variant, made with waste fibers, had
the highest apparent density and exhibited the best fire performance, attributed to the blend
of different fibers combined with fungal mycelium. The addition of birch bark (BB) reduced
the mechanical and thermal properties, and fire performance. Overall, the mechanical and
thermal properties, along with the fire behavior of MBs, support its suitability as a potential
alternative to petroleum-derived and traditional composite materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17246111/s1.

Author Contributions: Conceptualization, I.I.; methodology, I.I. and M.K. (Mikelis Kirpluks); soft-
ware, M.K. (Mikus Kampuss); investigation, I.I. and M.K. (Mikelis Kirpluks); writing—original
draft preparation, I.I.; writing—review and editing, L.A., I.F., M.K. (Mikelis Kirpluks) and U.M.;
visualization, U.M., L.A. and M.K. (Mikus Kampuss); supervision, I.I.; project administration, I.F.;
funding acquisition, I.I. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Latvian Research Council FLPP project No. lzp-2023/1-
0633 “Innovative mycelium biocomposites (MB) from plant residual biomass with enhanced proper-
ties for sustainable solutions”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to ongoing research. The original contributions presented in this study are
partly included in the Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/ma17246111/s1
https://www.mdpi.com/article/10.3390/ma17246111/s1


Materials 2024, 17, 6111 16 of 17

References
1. Jelle, B.P. Traditional, state-of-the-art and future thermal building insulation materials and solutions—Properties, requirements

and possibilities. Energy Build. 2011, 43, 2549–2563. [CrossRef]
2. Abu-Jdayil, B.; Mourad, A.-H.; Hittini, W.; Hassan, M.; Hameedi, S. Traditional, state-of-the-art and renewable thermal building

insulation materials: An overview. Constr. Build. Mater. 2019, 214, 709–735. [CrossRef]
3. Wi, S.; Kang, Y.; Yang, S.; Kim, Y.U.; Kim, S. Hazard evaluation of indoor environment based on long-term pollutant emission

characteristics of building insulation materials: An empirical study. Environ. Pollut. 2021, 285, 117223. [CrossRef] [PubMed]
4. Grazieschi, G.; Asdrubali, F.; Thomas, G. Embodied energy and carbon of building insulating materials: A critical review. Clean.

Environ. Syst. 2021, 2, 100032. [CrossRef]
5. Kim, J.-H.; Lee, T.; Lee, J.; Choi, H.; Kwon, E.E. Conversion of toxic pyrogenic products into syngas through catalytic pyrolysis of

insulation material waste under the presence of CO2. J. Hazard. Mater. 2024, 476, 134916. [CrossRef]
6. Available online: https://www.eea.europa.eu/en/newsroom/news/renovations-sustainable-building-materials (accessed on

3 October 2024).
7. Geß, A.; Lorenz, M.; Tolsdorf, A.; Albrecht, S. Environmental Impacts of Renewable Insulation Materials. Sustainability 2021,

13, 8505. [CrossRef]
8. Zerari, S.; Franchino, R.; Pisacane, N. Industry Experts’ Perspectives on the Difficulties and Opportunities of the Integration of

Bio-Based Insulation Materials in the European Construction Sector. Sustainability 2024, 16, 7314. [CrossRef]
9. Barbhuiya, S.; Bhusan Das, B. A comprehensive review on the use of hemp in concrete. Constr. Build. Mater. 2022, 341, 127857.

[CrossRef]
10. Jones, M.; Mautner, A.; Luenco, S.; Bismarck, A.; John, S. Engineered mycelium composite construction materials from fungal

biorefineries: A critical review. Mater. Des. 2020, 187, 108397. [CrossRef]
11. Aiduang, W.; Kumla, J.; Srinuanpan, S.; Thamjaree, W.; Lumyong, S.; Suwannarach, N. Mechanical, Physical, and Chemical

Properties of Mycelium-Based Composites Produced from Various Lignocellulosic Residues and Fungal Species. J. Fungi 2022,
8, 1125. [CrossRef]

12. Sydor, M.; Bonenberg, A.; Doczekalska, B.; Cofta, G. Mycelium-Based Composites in Art, Architecture, and Interior Design:
A Review. Polymers 2022, 14, 145. [CrossRef] [PubMed]

13. Volk, R.; Schröter, M.; Saeidi, N.; Steffl, S.; Javadian, A.; Hebel, D.E.; Schultmann, F. Life cycle assessment of mycelium-based
composite materials. Resour. Conserv. Recycl. 2024, 205, 107579. [CrossRef]

14. Irbe, I.; Loris, G.D.; Filipova, I.; Andze, L.; Skute, M. Characterization of Self-Growing Biomaterials Made of Fungal Mycelium
and Various Lignocellulose-Containing Ingredients. Materials 2022, 15, 7608. [CrossRef] [PubMed]

15. Girometta, C.; Picco, A.M.; Baiguera, R.M.; Dondi, D.; Babbini, S.; Cartabia, M.; Pellegrini, M.; Savino, E. Physico-Mechanical and
Thermodynamic Properties of Mycelium-Based Biocomposites: A Review. Sustainability 2019, 11, 281. [CrossRef]

16. Haneef, M.; Ceseracciu, L.; Canale, C.; Bayer, I.S.; Heredia-Guerrero, J.A.; Athanassiou, A. Advanced Materials From Fungal
Mycelium: Fabrication and Tuning of Physical Properties. Sci. Rep. 2017, 7, 41292. [CrossRef]

17. Filipova, I.; Andze, L.; Skute, M.; Zoldners, J.; Irbe, I.; Dabolina, I. Improving Recycled Paper Materials through the Incorporation
of Hemp, Wood Virgin Cellulose Fibers, and Nanofibers. Fibers 2023, 11, 101. [CrossRef]

18. EN 12089:2013; Thermal Insulating Products for Building Applications-Determination of Bending Behaviour. CEN (European
Committee for Standardization): Brussels, Belgium, 2013.

19. ISO 8301:1991; Thermal Insulation—Determination of Steady-State Thermal Resistance and Related Properties—Heat Flow Meter
Apparatus. ISO (International Organization for Standardization): Geneva, Switzerland, 1991.

20. ISO 5660-1:2015; Reaction-to-Fire Tests—Heat Release, Smoke Production and Mass Loss Rate. Part 1: Heat Release Rate (Cone
Calorimeter Method) and Smoke Production Rate (Dynamic Measurement). ISO (International Organization for Standardization):
Geneva, Switzerland, 2015.

21. Elisashvili, V.; Irbe, I.; Andersone, I.; Andersons, B.; Tsiklauri, N. Hydrolytic enzyme activity of EN113 standard basidiomycetes
in the fermentation of lignocellulosic material and wood colonization. Holzforschung 2012, 66, 841–847. [CrossRef]

22. Appels, F.V.W.; Camere, S.; Montalti, M.; Karana, E.; Jansen, K.M.B.; Dijksterhuis, J.; Krijgsheld, P.; Wösten, H.A.B. Fabrication
factors influencing mechanical, moisture- and water-related properties of mycelium-based composites. Mater. Des. 2019,
161, 64–71. [CrossRef]

23. Lu, Z.; Jónsdóttir, F.; Arason, S.; Margeirsson, B. Assessment of Compressive and Flexural Properties and Stacking Strength of
Expanded Polystyrene Boxes: Experimental and Simulation Study. Appl. Sci. 2023, 13, 5852. [CrossRef]

24. Yoshihara, H.; Yoshinobu, M.; Maruta, M. Effects of Testing Methods and Sample Configuration on the Flexural Properties of
Extruded Polystyrene. Polymers 2024, 16, 1857. [CrossRef]

25. Salari, A.; Tabarsa, T.; Khazaeian, A.; Saraeian, A. Improving some of applied properties of oriented strand board (OSB) made
from underutilized low quality paulownia (Paulownia fortunie) wood employing nano-SiO2. Ind. Crops Prod. 2013, 42, 1–9.
[CrossRef]

26. Jakob, M.; Mahendran, A.R.; Gindl-Altmutter, W.; Bliem, P.; Konnerth, J.; Müller, U.; Veigel, S. The strength and stiffness of
oriented wood and cellulose-fibre materials: A review. Prog. Mater. Sci. 2022, 125, 100916. [CrossRef]

27. Teeraphantuvat, T.; Jatuwong, K.; Jinanukul, P.; Thamjaree, W.; Lumyong, S.; Aiduang, W. Improving the Physical and Mechanical
Properties of Mycelium-Based Green Composites Using Paper Waste. Polymers 2024, 16, 262. [CrossRef] [PubMed]

https://doi.org/10.1016/j.enbuild.2011.05.015
https://doi.org/10.1016/j.conbuildmat.2019.04.102
https://doi.org/10.1016/j.envpol.2021.117223
https://www.ncbi.nlm.nih.gov/pubmed/33945942
https://doi.org/10.1016/j.cesys.2021.100032
https://doi.org/10.1016/j.jhazmat.2024.134916
https://www.eea.europa.eu/en/newsroom/news/renovations-sustainable-building-materials
https://doi.org/10.3390/su13158505
https://doi.org/10.3390/su16177314
https://doi.org/10.1016/j.conbuildmat.2022.127857
https://doi.org/10.1016/j.matdes.2019.108397
https://doi.org/10.3390/jof8111125
https://doi.org/10.3390/polym14010145
https://www.ncbi.nlm.nih.gov/pubmed/35012167
https://doi.org/10.1016/j.resconrec.2024.107579
https://doi.org/10.3390/ma15217608
https://www.ncbi.nlm.nih.gov/pubmed/36363201
https://doi.org/10.3390/su11010281
https://doi.org/10.1038/srep41292
https://doi.org/10.3390/fib11120101
https://doi.org/10.1515/hf-2011-0089
https://doi.org/10.1016/j.matdes.2018.11.027
https://doi.org/10.3390/app13105852
https://doi.org/10.3390/polym16131857
https://doi.org/10.1016/j.indcrop.2012.05.010
https://doi.org/10.1016/j.pmatsci.2021.100916
https://doi.org/10.3390/polym16020262
https://www.ncbi.nlm.nih.gov/pubmed/38257061


Materials 2024, 17, 6111 17 of 17

28. Rowell, R.M. Handbook of Wood Chemistry and Wood Composites, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2012.
29. Nussbaumer, M.; Van Opdenbosch, D.; Engelhardt, M.; Briesen, H.; Benz, J.P.; Karl, T. Material characterization of pressed and

unpressed wood–mycelium composites derived from two Trametes species. Environ. Technol. Innov. 2023, 30, 103063. [CrossRef]
30. Schritt, H.; Vidi, S.; Pleissner, D. Spent mushroom substrate and sawdust to produce mycelium-based thermal insulation

composites. J. Clean. Prod. 2021, 313, 127910. [CrossRef]
31. Holt, G.A.; Mcintyre, G.; Flagg, D.; Bayer, E.; Wanjura, J.D.; Pelletier, M.G. Fungal Mycelium and Cotton Plant Materials in the

Manufacture of Biodegradable Molded Packaging Material: Evaluation Study of Select Blends of Cotton Byproducts. J. Biobased
Mater. Bioenergy 2012, 6, 431–439. [CrossRef]

32. Wimmers, G.; Klick, J.; Tackaberry, L.; Zwiesigk, C.; Egger, K.; Massicotte, H. Fundamental studies for designing insulation panels
from wood shavings and filamentous fungi. BioResources 2019, 14, 5506–5520. [CrossRef]
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