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Abstract  
Reducing the use of non-renewable resources is a key strategy for transition to circular 
economy. Mycelium is the vegetative part of fungus which can cement particulate substrate 
and can be formed into any shape if grown in a mould. Mycelium biocomposites (MBs) are 
rapidly being seen as green alternative for many hydrocarbon-based products, including 
Expanded Polystyrene (EPS) used for insulation in the construction industry. This is largely 
due to its comparable acoustic/insulative properties, superior fire safety and minimal 
environmental impact. Furthermore, as MBs can utilize low cost readily available commercial 
waste products such as wheat husks as a composite substrate, a clear value chain upscaling can 
be envisioned.   
Throughout its linear lifecycle, EPS insulation pose numerus environmental issues, including 
high resource use and challenges in its end of life disposal. Even if disposed correctly it can 
take thousands of years to degrade, evidently making it extremely difficult to properly contain. 
This has resulted in bioaccumulation of toxic chemicals in food webs across the planet. 
Conversely, MBs are biodegradable and importantly can be used as raw material for the 
production of more MBs. When comparing life cycle assessment (LCA) and production, MBs 
are estimated to hold clear advantages in terms of reduced CO2 out put and costs.  It is thus 
clear it holds the potential to become an ideal candidate for a “cradle to cradle” economy, in 
this sector. 
Despite these attributes, MB insulation still have evident disadvantages when compared to their 
hydrocarbon counterparts and could hinder its adoption on a commercial scale. These include 
higher density and issues with water uptake. Furthermore, there can be wide variability in 
material performance on the basis of which substrate composition fungal strain, incubation 
conditions and manufacturing techniques are used. This coupled with the relatively sparse 
research in this field makes full assessments and comparisons between studies more difficult.  
New design approaches will also have to be considered when producing MB due to the 
additional factors of working with growing organisms. MB offers new degrees of freedom to 
the designer to create shapes and internal geometries yet only seen when using 3d-printing but 
at a price which potentially is suited for mass production low price products such as advanced 



packaging products and composite sandwich structures with tailor-made porous internal 
stiffening elements. 
Fully commercialised MB products have however begun to emerge. These still largely rely on 
costly labour-intensive manufacturing practices but present as an ideal target for optimization 
through factory atomisation. Integrating other emerging technologies such as 3D printing and 
computerised optimizations could also allow for controlled growth of internal structures of 
MBs. This would enable the creation of novel green materials with greatly improved 
performance characteristics which can be tailors to specific requirements. Ultimately furthering 
their viability as a green option to traditional EPS insulation.  
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Introduction 
 
The construction sector in Europe accounts for about half of all our extracted materials and 
energy consumption and roughly a third of our water consumption and waste generation 
(European Commission., 2010). A green material revolution is clearly required in order to 
address the huge “cradle to the grave” environmental issues with current methods. 
 
A prime candidate that could be targeted are polymeric foams, such as EPS. They are 
commonly used for lightweight fill and thermal insulation and housing construction. These 
petroleum-based materials have numerous positive attributes such as being hydrophobic, 
lightweight and having excellent sound/thermal insulative properties (Yang et al., 2017).   
 
However, as with most man-made materials, there are often huge ecological and societal 
negative impacts throughout their associated lifecycle. From the drilling of oil to eventual 
disposal, these hydrocarbon materials are non-renewable, in addition to their production 
requiring complex manufacturing processes, massive energy inputs, and associated waste 
streams (Bandyopadhyay & Basak, 2007). Furthermore, they can take thousands of years to 
decompose, posing substantial problems with regards to reuse recycling and landfill operation 
(Yang et al., 2017). Large quantities of polymeric foams have thus inevitably found their way 
into the wider terrestrial and marine environment. Significantly, these plastics have an affinity 
for chemical pollutants such as heavy metals and carcinogenic chemicals, resulting in their 
bioaccumulation into food webs (Rochman et al., 2013).     
Over the last decade, rapid advances in MB technology have highlighted their potential as a 
green alternative to many materials used in manufacturing today, such as building insulation 
or packaging and are already seeing the emergence of their commercial use (fig.1) (Yang et al., 
2017; Jones et al., 2020; Ecovative, n.d., 2020; Gryphon, n.d., 2020). Mycelium is a fast-
growing vegetative part of mushrooms which is a safe, inert, renewable, natural and green 
material. This has the ability to rapidly produce miles of self-assembling tiny fibres named 
hypha which can envelop, digest and bind surrounding material  into a strong and 
biodegradable material, which can be part of a circular economy (fig. 2) (Schiffman, 2013).  
 
 
 
 



 
 
 
 

 

 

A typical cycle time is about 5-8 days, to adequately colonize the reinforcement fibres and/or 
core material, and longer colonization leads to stiffer and stronger final materials (Jiang et al., 
2013).  

 
 
 
Due to the vast number of fungal strains, growth mediums and environmental factors that can 
influence the growth characteristics of the mycelium, numerous studies have demonstrated the 
capability of this material’s wide range of insulation and mechanical properties that are 
comparable to conventional plastic foams or even soft woods; heat pressing shifted mycelium 
composites from foam-like performance to cork and wood-like performance (Appels et al., 
2019). If grown in a mould, any desired shape can be produced and used as a direct replacement 
to conventional materials (Abhijith et al., 2018). Furthermore, MBs have also been 
demonstrated to process intriguing properties in regards in both thermal and acoustic 
insulation.  
 
Despite having many of the required comparable performance characteristics for in many of 
the required attributes of polymeric foams (Yang et al., 2017;  Jones et al., 2020), there remains 
several obstacles to overcome before it can match or surpass conventional insulators. These 
include high moisture uptake and lower dry density (Jones et al., 2020). In addition, it has been 
observed that the hyphal density in the core of these MBs was significantly lower than at the 
surface, with negligible differences observed as a function of growth periods. This can be 
attributed to the reduced oxygen diffusion into the bulk of the composite, an essential ingredient 
for mycelial growth (Jones et al., 2018). This could thus constrain its practical applications due 
to the limit of material thickness capable of being manufactured.  
 
As mycelium structures are grown, rather than manually assembled, it is however conceivable 
if provided with a growth scaffold such as those utilized in 3D printed tissue fabrication 
(Shafiee & Atala, 2016), the creation of predetermined and complex internal structures can be 
achieved.  Furthermore, these will also allow for the control of environmental growth 
conditions throughout the material, offering a unique opportunity to create MBs with 
previously unobtainable performance properties not limited to insulation. This concept could 
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Figure 2. Lifecycle of MBs, highlighting potential circular economy input.  
 

Figure 1. Mycelium composites as insulating cores in Gryphon doors. 
 



be further refined through biomimetic design as well as the utilizing computerised topography 
optimisation to create structures. Allowing for the creation of ecological insulators with 
unsurpassed performance characteristics. 
 
Thermal and acoustic insulation properties of MBs 
 
Lower thermal conductivity is associated with better insulation materials and is primarily 
influenced by the density of material  (Uysal et al., 2004). The strong relationship between 
thermal conductivity and material density can be attributed to the extremely low thermal 
conductivity of dry air (26.2 × 10−3 W/m∙K at 0.1 MPa, 300 K)  (Kadoya et al., 1985).  
 
This is also apparent with MBs when high performing natural insulators such as hemp or straw 
are incorporated as a growth substrate, both demonstrating low thermal conductivity (0.039–
0.08W/m∙K) and density (57–99 kg/m3)  (Gryphon., 2020; Elsacker et al., 2019). These values 
make them within the competitive range in terms of thermal conductivity when compared to 
traditional EPS insulation (0.03-0.04 W/mK). However these man made materials are still 
significantly lighter (16-48 kg/m3) (Papadopoulos, 2005). Furthermore the mechanical 
properties of such mycelium materials were suboptimal when again compared to EPS (Elsacker 
et al., 2019). Conversely, Yang et al, (2017) demonstrated a mycelium biofoam which met or 
exceeded characteristics of the conventional EPS foams except density. This was achieved 
using a substrate mix combination of various materials, including wood pulp, wheat bran, 
millet grain, natural fibre, and calcium sulphate. These findings thus imply that there is huge 
potential to further develop and optimize such materials to further increase their 
competitiveness as a viable alternative.    
 
Besides thermal insulation, MBs have shown huge potential for acoustic insulation. Acoustic 
absorbers convert the mechanical motion of air molecules travelling in sound waves into heat 
energy, reducing reflected noise strength and sound accumulation (Bell, 2017). 
 
Pelletier et al, (2013) tested MB panels using a range of natural substrates and reported an 
acoustic absorption of over 70–75% at 1000 Hz (the dominant frequencies from road traffic). 
Comparisons among audio spectra show the highest absorption occurred with a growth 
substrate composed of 50–50% switchgrass–sorghum. 
 
Not only the composition of the material but also physical structure plays a significant role in 
sound dampening. These can be designed to alter phase shifts and destructive interference for 
specific frequencies, drastically reducing reflected sounds (Xu & Huang, 2018). It is 
conceivable that future panels could be designed with both thermal and acoustic insulation 
considerations and could be tailored for their required characteristics depending on habitat.  
 
 
 
 
Fire safety properties of MBs 
 
Although relatively few studies have investigated the behaviour of mycelium composites 
towards fire and pyrolysis, there is increasing evidence for their effectiveness regarding fire 



safety (Jones et al., 2020). Mycelium by itself lacks notable fire-retardant characteristics. 
However, MBs can obtain these by incorporating fillers or substrates that are rich in naturally  
occurring/synthetically produced silica (SiO2) and natural phenolic polymers, such as lignin.  
These have demonstrated greatly improved fire reaction, thermal degradation and safety 
properties (Jones et al., 2018). Significantly, rice hulls have been found to contain 15 – 20 wt% 
silica and 25 – 30 wt% lignin (Ismail & Waliuddin, 1996). Glass fines (silica) and rice husks 
are both considered industrial waste products and are readily available at low value  (Jones et 
al., 2018; Oecd et al., 2009).  
 
These mycelium composites had significantly lower average peak heat release rate and a longer 
estimated time to flashover than the synthetic insulation materials considered (Jones et al., 
2018).  Flashover is the near simultaneous ignition of all exposed materials in an enclosed area 
and is a regular and extremely dangerous occurrence in building fires, furthermore fires that 
reach flashover are around ten times more dangerous than fires that do not (Liang et al., 2013).  
 
Plastic foams are often major contributors to fires involving rapid flame spread which generate 
high volumes of smoke and toxic gases including carbon monoxide (CO) and hydrogen cyanide 
(Stec & Hull, 2011;  Rossi et al., 2001). Regardless of the dangers associated with flashover 
and heat release, the majority of fire related deaths are a result of these gases rather than burns, 
trauma or other causes (Babrauskas et al., 1992). CO exposure results in incapacitation and 
death at extremely low concentrations (1500 ppm can cause death within an hour) and is 
considered the largest individual hazard (Neviaser & Gann, 2004). Mycelium composites 
containing rice husks or synthetic silica release significantly less CO2 and smoke when 
combusted, compared to hydrocarbon insulators (Jones et al., 2018;  Jones et al., 2020). 
 
Water absorption properties of MBs 
 
Experiments on MBs have shown they typically have an affinity towards water rapid 
absorption, increasing in weight by ~40–580 wt% when in contact with water for 48–192h 
(Nava et al., 2016; Appels et al., 2019).  The fastest weight increase occurred within the first 
3h, with an increase of ~220 wt% for both cotton bur fibre and rapeseed straw based composites 
(Appels et al., 2019). 
  
This is perhaps the largest issue preventing their wider adoption into a commercial market. 
However, as acoustic or thermal insulation is typically used in internally dry locations this may 
arguably not be a significant problem.  
 
There is also mounting evidence demonstrating methods to limit water uptake. Using 
particulate growth substrates such as beech sawdust, showed a reduced susceptibility, 
increasing its weight of 23 wt% over 3h contact with water, which slowly increases to 
43 wt% over 192h (Appels et al., 2019). This is likely due to the smaller void content and 
higher material density present in composites made from fine particulate substrates (Jones et 
al., 2020). In addition, Beech sawdust contains 26 wt% hydrophobic lignin as well as its 48wt% 
cellulose, contributing to this observation (Miklečić & Jirouš., 2016).   
 
The manufacturing process of mycelium composites has been shown to play a role in water 
uptake. Hot or cold pressed composites experienced significantly reduced 



uptake of their air-dried counterparts (~250 wt% compared to ~580 wt%) (Jones et al., 2020) 
(Appels et al., 2019). This is probably due to pressed materials having lower void volumes 
impeding capillary action and hence reducing water uptake (Yu et al., 2007).  Appels et al, 
(2019) also noted that the mycelium strain used can have an effect on the composites interaction 
with water. Species such as T. versicolor can form a thick hydrophobic fungal skin at the 
substrate air interface and saw reduced water uptake in its composites.  
 
Comparative life cycle assessment (LCA) of MBs and traditional insulators  
 
Two of the most important factors in a circular economy perspective are renewable feedstocks 
and biodegradability. MBs, as opposed to non-renewable petrochemical based polymers, will 
degrade in a matter of months if composted (Appels, 2020). Alternatively, the Mycelium-based 
products can be used as: feedstock for animals, energy production (which will affect an LCA 
positively), compost or re-utilized into new mycelium products (Grimm et al., 2018). The 
potential of circularity is underlined by the official C2C certification (Product Scorecard, n.d.). 
Apart from circularity, LCA’s are often used as the benchmark for sustainability (Nissinen et 
al., 2017). Ecovative, claims that about 56 % of its CO2 emissions come from the drying 
process of their mycelium products (Ecovative, n.d., 2020).  
 
Based off Leiva et al, (2015) it is estimated that the production of Agaricus Bisporus (a species 
of mushroom) is approximately the 12.9 % energy production the original blend costs 
ecovative. Assuming this, a comparative analysis shows EPS produces roughly 3 times the 
amount CO2 (6.98 CO2/kg) than MBs (2.2 CO2/kg) during manufacturing (Chandra et al., 
2016).  
 
The species of fungi could also to be important to an LCA, as the fungi itself respires, producing 
CO2. Currently, only a few fungi of the basidiomycetes species have been studied, however a 
wide range in respiration rates has been observed (Appels, 2020). Although these values are 
relatively small, this input on larger scale production have yet to be investigated and needs to 
be considered in its LCA. 
 
Comparative production costs 
 
MBs have also been shown to be competitive in terms of production costs when compared to 
EPS. Jones et al., (2018) showed volume specific costs were 6 to 12 times cheaper (AU$40/m3 
and AU$81/m3 respectively) than EPS (XPS, AU$491/m3). Agricultural waste used as 
composite raw materials for the mycelium is also much cheaper when compared to the 
wholesale price of polystyrene (2.1–2.3 $US/kg) and polyurethane (8.2–10.4 $US/kg) (Jones 
et al., 2020). 
 
Significantly, roughly 90% of the total production price of one-kilogram MB is predicted to be 
labour associated costs. In Denmark five minutes pay equates to around DKK 19, which is 
more than the total cost of materials for a kilogram of mycelium material. It must however be 
noted, data on predicting production is still somewhat sparse lacking real-world industrial scale 
examples. 
 



The gross energy required to produce 1 kg of polystyrene is 90MJ  (Boustead et al., 1993). 
Although analysis on this has not been done in regards to mycelium, the energy required is 
likely to be considerably lower, as none is required during mycelium’s 5-7 growth period (Jiang 
et al., 2016).  
 
It is clear there is considerable opportunity for optimization, especially regarding labour costs. 
As this manufacturing process is largely segmented and linear, automation as with many other 
industries likely could provide the solution to minimize costs while increasing consistency of 
the final product (Smunt & Meredith, 2000).    
 
Design implications in future MBs 
 
Insulative properties, similar to mechanical properties, are influenced by the geometrical 
configuration of composite mediums, typically convection can be reduced by having small self-
contained air spaces (Springer & Tsai, 1967). However, as more air cavities are introduced, 
typically the structural integrity of the material decreases and vice versa (Lorente & Bejan, 
2002). This inverse correlation dilemma can somewhat be resolved as shown by in a study by 
Xie et al, (2014) which highlighted a method for the structural optimization for an insulating 
wall combining heat flow.  
 
To date, there are however no methods available to allow for precise or even randomized 
control of moulded mycelium composite internal structures. If this be achieved it would 
undoubtedly open to the door creation of novel mycelium based materials with a range of 
superior performance characteristics, which could be tailored to suit desired weight, impact 
absorption, thermal and moisture properties. 

This presents a cross-domain challenge requiring both design and biological perspectives to be 
considered. Unlike traditional manufacturing which harvests raw material then transforms it 
into other products, MBs growth is an intergyral part of production and all factors influencing 
this must accounted for in the initial design conception.  
 

a b 

Figure 3. a- hemp fibres arranged in frame. b- 
growth of mycelial onto original hemp framework. 
 
 

Figure 4. 3d printed mycelium inoculated 
object utilizing a straw based print media. 



This added layer of complexity could however offer new design opportunities and tools, 
allowing for the creation previously unobtainable organic forms. The initial feasibility of this 

concept has been highlighted in work by Tabellini, (2015) (fig.3), who used hemp fibre frames 
to demonstrate how mycelium growth can be influenced and guided. However, this method 
requires an initial supporting structure not making it a practical solution. A viable alternative 
is to construct celluloses rich growth scaffolds using additive manufacturing (AM – also 
referred to as 3d-printing). This technology can produce complex internal structures, but in 
general it is difficult to place material where there is no underlying support. The problem can 
be solved by several techniques including the addition of support structures that use liquid 
photo polymers or powder bed AM. As these additional steps typically increase fabrication and 
processing time, it has so far proven to be a significant issue preventing AM being widely 
adopted as an economically viable mass production method (Sasson et al,. MBs have already 
shown compatibility with this technology, allowing for the creation of previously unobtainable 
morphologies compared to moulding processes. These utilized a printable mycelium inoculated 
straw based or wood/paper pulp media (Goidea et al., 2020; Fairs, 2013) (fig. 4). However, this 
technique is still subject to the time limitations discussed.  A solution could be to use a newly 
developed multi-extrusion 3d-print inspired by the silk spinning techniques of silkworms and 
spiders (The Voice of 3D Printing., 2015) (fig.5). 
that would allow fibrous free standing horizontal structures without the need for extra support 
material, effectively eliminating the major drawbacks for both moulding/printing methods 
whilst allowing gas exchange deep within the structure. Combining with computerized 
topology optimization techniques such as those used to develop aircraft wings (Aage et al., 
2017) (fig.5)  will also allow for refined control of printing support structures from everything 
to maximal stiffness to weight ratio or thermal/acoustic properties. Such structures are today 
produced using 3D-printing but production times prohibit the application of 3D-printed parts  
 

to high-value items such as aircraft wings. MB has the potential to make similar structures but 
at mass production commodity price levels. To utilise this opportunity, designers need to carry 

Figure 5. Cross section of computational topography optimized aircraft wing. 

Figure 5. New spider web inspired 3D-printing of free-standing structures could make possible much faster 
production and allow the integration of other materials such as straw and other agricultural waste products. 
 



out their work differently while considering the internal layout of porous internal structures in 
the materials. To promote the application of MB in volume products, designers need access to 
dedicated computer support that helps in proposing topology optimized structures while at the 
same time considering the opportunities and limitation in the 3D-printing of MB growth 
scaffolds.   
 
Discussion 
 
There is mounting evidence that they can potentially exhibit far better fire safety parameters in 
addition to having comparable mechanical and insulative acoustic/thermal performance 
characteristics if compared to their hydrocarbon counterpart. Higher material density and water 
uptake could still pose a challenge to wider commercial adoption, however some progress has 
been made to resolve these issues.  Nevertheless, literature providing a satisfactory material 
characterization on all these properties is still scarce as well as evident complications when 
comparing even similar studies. This is largely due to the wide range of parameters such as 
mycelium strain, growth time growth environment, growth substrate and manufacturing 
technique can drastically alter the material performance characteristics. It is thus evident that 
there may need to be a compromise when choosing between material attributes. For example, 
water uptake decreases due to higher density may reduce insulative properties as a result of 
fewer air gaps. Conversely, this huge range of growth outcomes imply we have only seen the 
tip of the iceberg as to what MBs are capable of and creates ample room for optimization.  
 
When predicting production costs, these factors must also be taken into consideration as things 
like raw substrate used can influence this. Labour is however believed to be the largest 
contributing factor and is a prime candidate for autonomation. In addition, autonomous 
production processes could allow for increased scale and standardisation of production.  
 
This technology could also open up novel manufacturing techniques and design tools. 
Integrating additive manufacturing, biomimetic processes and computerized topography 
optimization process into its internal structure also presents a unique opportunity to create 
ecological metamaterials with unsurpassed/dynamic insulation and structural properties. These 
could be used for not only insulation but a wide range of construction material or products to 
replace or even surpass conventional materials. 
 
When comparing hydrocarbon insulators and their mycelium-based counterpart, we must not 
only consider their performance characteristics but also the environmental impacts throughout 
their whole lifecycle. Although exact numbers are not yet available in regards to mycelium, it 
is predicted that it holds a distinct advantage over the former at every stage from cradle to the 
grave. This is largely due to the use of widely available agricultural waste and the requirement 
for no energy input at the self-assembling growth stage of these composites. Furthermore, end 
of life biodegradability offers a unique opportunity to an additional raw material source. 
 
 
 
 
Conclusion 
 



Increasing attention has been paid to mycelium-based biocomposites as a green and economical 
alternative material to traditional EPS insulation panels. MBs have been shown to be 
competitive in terms of thermal, acoustic and fire safety although continual work is needed to 
address its higher water uptake and density. Furthermore, as composite substrates can utilize 
low cost readily available commercial waste products such as wheat husks, a clear value chain 
upscaling can be envisioned. MBs also hold a distinct advantage over conventional non-
renewable man-made materials due to their biodegradability and potential to be used as raw 
material at the end life. In addition, when comparing LCAs and production costs, MBs have 
significantly lower CO2 emissions and is believed to be much cheaper to produce. There is 
thus a clear opportunity to transform the current linear economy associated with insulation, 
towards a greener circular economy.  
 
As MBs are grown rather than assembled, performance characteristics can vary widely 
depending on a number of factors and must be considered in its design conception and 
production. Furthermore, research into MBs is on going, making direct comparisons between 
studies more complicated. 
 
Many of these issues presented could be potentially overcome through integrating emerging 
technologies such as 3D printing and topology optimisation into its production. 
This could allow for refined control over internal structures and subsequent material 
performance. The combination of MB, 3D-printing of growth scaffolds and new computer 
support that combine topology optimization and knowledge of mycelium growth could enable 
designers to create a new generation of low weight, sustainable products utilizing renewable 
materials. 
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