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Abstract – Good insulation materials have low thermal conductivity which is mainly related with 8 

the density of the material. Bio-composite insulation materials contribute to reduce the 9 

environmental footprint of buildings. The main goal of this study is to study the effectiveness of a 10 

self-growing, bio-composite building insulation material made of Miscanthus x giganteus and the 11 

mushroom Mycelium. Different mix proportions of Miscanthus and Mycelium were considered to 12 

identify the most suitable mixture to produce a porous composite which has a lower density. 13 

Scanning electron microscopy images were used to evaluate the microstructural geometry of the 14 

composite material. Thermal conductivity test was conducted on eight composite plates, and the 15 

results showed that the thermal conductivity of this new material is between 0.0882 and 0.104 16 

Wm-1K-1. Moreover, other experiments were carried out to characterize the density, compressive 17 

strength and water absorption. In addition, fire resistant tests on composite plates with and without 18 

render were conducted, and it was found that the composite plates belong to the category EI15 19 

according to the EN13501-2:2003. The initial results were found to be satisfactory to make a 20 

sustainable insulation material out of Miscanthus and Mycelium.  21 

 22 
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1 INTRODUCTION 26 

Depletion of natural resources, such as sand and gravel, is occurring at an alarming rate because 27 

the current pace of consumption in the construction industry is not sustainable [1]. Besides, the 28 

extraction, processing, manufacturing and transportation of building materials have the highest 29 

contributions in carbon emissions related to the construction industry. In order to protect the 30 

environment and reduce the overall environmental footprint of buildings, natural resources have 31 
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to be used more efficiently, reducing the carbon emissions related to construction activities. As a 32 

result, several action plans have been issued in Europe, such as the European Green Deal, a 33 

fundamental roadmap to make the EU economy sustainable resulting in zero net carbon emissions 34 

in 2050 [2].  35 

Traditional insulation materials come from different sources like animal products (such as sheep 36 

wool and feathers), plant-based products (such as cotton and wood fiber) and synthetic compounds 37 

(such as polystyrene and polyurethane). Nowadays, synthetic compounds, which are based on 38 

plastic-based fibers and foams, are more likely to be used in the building insulations. The creation 39 

and development of these materials takes a lot of time and is often very complicated and costly. 40 

On the other hand, these materials exhibit high-embodied energy, have high carbon footprint and 41 

produce toxic substances. Generally speaking, current insulation materials are not sustainable and 42 

environmentally friendly. As of today, new environmental-friendly bio-based insulation materials 43 

are introduced which often require less energy to be produced than traditional materials. As a 44 

result, this paper focus on the possibility of introducing a self-growing insulation material based 45 

on a Mycelium-Miscanthus composite that could replace traditional insulation materials. 46 

With the increasing demands on grappling with the concepts of low-carbon economies by bringing 47 

in photosynthesis as the driver, researchers have given their focus on new environmental-friendly, 48 

energy efficiency and sustainable alternatives over the last few years. In this respect, it has been 49 

found that bioenergy crops have all the right characteristics to substitute many building materials 50 

[3, 4, 5].  51 

Miscanthus, which is a C4 grass that originated in Eastern Asia, is one of those crops, and it is 52 

very efficient and economical to grow in most states in European climate [6]. Higher water use 53 

efficiency, low use of fertilizers and the capability to absorb large amounts of CO2 from the 54 

environment compared to other C4 grass lead Miscanthus to high yield [7, 8, 9]. Due to its 55 

versatility and favourable properties, a large amount of Miscanthus plants have been planted for 56 

various purposes as well as to make value-added products from it all over Europe in the recent 57 

[10].  58 

Miscanthus has already been used in a variety of different ways whereas Miscanthus lightweight 59 

concrete is one of these interesting products based on Miscanthus. Investigations on Miscanthus 60 

showed that it can be used in passive noise protection and fire protection [11]. It has already been 61 

proven that Miscanthus fibers have relatively high insulation capacity with respect to temperature 62 
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[6, 12, 13]. Eschenhagen et al. [6] developed low-cost insulation particleboard panels by using 63 

Miscanthus and Sunflower stalk in France and showed that they have great potentials because they 64 

have low density and good thermal conductivity. El Hage et al. [12] carried out an investigation 65 

about new insulating bio-composite made of Miscanthus and recycled textile fibers bunded with 66 

chitosan and found that its thermal conductivity varies between 0.069 and 0.09 WmK-1. 67 

Miscanthus fibers have thermal conductivity of 0.04 WmK-1 which is equivalent to the thermal 68 

conductivity of conventional insulation materials available on the market [13].  69 

Used as lightweight aggregates in a concrete mixture, Miscanthus fibers increased the compressive 70 

strength of concrete by 4 to 28% [3]. Dias and Waldmann [1] concluded that the best theoretical 71 

mixture considering the compressive strength of the Miscanthus concrete would constitute of 150 72 

kg/m3 of Miscanthus and 592 kg/m3 of cement with 0.8 of water/cement ratio. Moreover, pore 73 

structure of Miscanthus contribute to reduce the thermal conductivity of the Miscanthus concrete 74 

[14, 15]. Miscanthus fibers significantly enhanced the acoustic absorption properties of bio-based 75 

lightweight concrete containing Miscanthus [16]. 76 

Mycelium is the vegetative part of the mushroom and is considered as one of the largest living 77 

organisms on earth [17]. It is formaldehyde free and non-toxic. Recently, the use of mycelium has 78 

been investigated to replace the already used resin by a fully natural one. Mycelium is a fungus 79 

which spreads its branches and acts like a binder within the fibers. It comes from biological and 80 

agricultural waste and is therefore very inexpensive on a large scale. In other words producing 81 

more of these, prices will decrease because it allows optimized growing procedures. Over the last 82 

decade, Mycelium based bio-composites have appeared to be used as a green alternative to several 83 

building materials such as building insulation [18, 19]. Elsacker et al. [20] mentioned that these 84 

composites have thermal conductivity of 0.08 WmK-1 and density of 57-99 kg/m3. Yang et al. [21] 85 

showed that a Mycelium bio-form has higher characteristics than the conventional expanded 86 

polystyrene foam except density.  87 

From the above perspectives, it implies that there is a huge potential to develop a Mycelium-88 

Miscanthus bio-composite as a new building insulation material. Therefore, this research offers a 89 

novel way of combining Miscanthus and Mycelium for the production of a new bio-based building 90 

insulation material. This study investigated the optimal mix proportions of Mycelium and 91 

Miscanthus to produce a lightweight bio-composite. Furthermore, the properties of the composite 92 

including density, strength, water absorption and thermal conductivity were investigated.        93 
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This paper is structured in four sections including an introduction. Section 2 presents the 94 

experimental procedure. In section 3, the results are presented with a discussion, followed by the 95 

conclusion of study. 96 

2 EXPERIMENTAL STUDY 97 

This section reports the experimental tests carried out by the authors at the laboratory of Solid 98 

Structures of the University of Luxembourg. Firstly, the different materials used in this study are 99 

discussed. Then, the preparation procedure of the samples are presented. Weight and volume 100 

changes of each sample were measured to identify the optimal mix proportion of the materials. 101 

Then, on the selected samples, compressive test, water absorption test and thermal test were 102 

conducted. The results obtained from the experiments are presented and discussed in Section 3.  103 

2.1 MATERIALS 104 

The two main materials used in this study are Miscanthus and Mycelium. In this study, Miscanthus 105 

x giganteus (Figure 1(a)), the giant Miscanthus, which is locally available in Luxembourg was 106 

chosen due to its wide availability on the European market because of its high potential, good 107 

environmental profile and minimal risk of invasiveness [22]. It is a renewable raw material, that 108 

grows up to 4 m, on basically any type of hydromorphic grounds. Miscanthus x giganteus is able 109 

to filter up to 30 metric tons of CO2 per hectare over one year. It has high rigidity with low density 110 

due to a high content of parenchyma surrounded by a tough fibrous structure [23]. In this study, 111 

dried Miscanthus with average density of 120 kg/m3 was used. Figure 1(b) shows the dried and 112 

chopped Miscanthus fibers used in this study.  113 

 114 

           115 
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                                                      (a)                                                                                   (b) 116 

Figure 1. (a) Miscanthus x giganteus plant [18] (b) Dried Miscanthus 117 

 118 

As mentioned above, Mycelium is the vegetative part of mushroom. In this study, Mycelium was 119 

obtained from Ganoderma resinaceum mushroom. The Mycelium from the Ganoderma family 120 

develops better than other mushrooms. Only the grains of the Mycelium were used to envelop the 121 

Miscanthus (Figure 2). The Mycelium penetrates its nutrients by physical pressure and not 122 

enzymic secretion to break the host's polymers in order to transform them into more easily 123 

transportable nutrients such as sugars. In this study, the selected nutrient substrates are pure 124 

cellulose biopolymers and cellulose-potato dextrose both are composed of potato Infusion solids 125 

and Dextrose (sugar). This choice was made because of the abundance and availability of this 126 

natural polymer for cellulose and for the latter, it is because this medium is the most common used 127 

for the development of mushrooms thanks to its composition based on sugar easily digestible by 128 

the Mycelium. Because of their similar chemical form as well as by their surface homogeneity it 129 

is expected that these two nutritive bases allow a hydrolysis without gene with the Mycelium to 130 

guarantee a growth which will not depend on the nutritive base to provide a homogeneity of the 131 

material [18]. It does not need additional energy input to propagate. It only needs the usual fungus 132 

propagation conditions to grow (high humidity, the sample should stay in a dark place and stay 133 

under room temperature). Sterilization is important for the growing process of mycelium, because 134 

other spores could affect it or worse kill it. Thus, the development environment should be sealed 135 

to protect it from contamination [18]. 136 

                137 

Figure 2. Mycelium Ganoderma resinaceum grains 138 
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 139 

In addition to these two main materials, as mentioned above, potato starch extracted from potatoes 140 

(Figure 3) were used as substratum of Mycelium, which is the base material  used by the mycelium 141 

to grow. Here starch was used for the Mycelium to grow as a web. The potato starch itself contains 142 

large oval spherical granules, which size is between 5 and 100 μm. 143 

 144 

Figure 3. Potato starch 145 

2.2 PREPARATION OF SAMPLES 146 

Twelve different weight percentages of Miscanthus fibers, Ganoderma resinaceum mushroom and 147 

potato starch were used to manufacture the test samples. The mix proportions used are given in 148 

Table 1. Samples ID are labelled to easily identify the mix proportions of three materials. The 149 

letters G, M and P in the sample IDs represent the materials Ganoderma resinaceum mushroom, 150 

Miscanthus fibers and Potato starch, respectively. The number associated to each letter defines the 151 

ratio of corresponding material to the amount of Miscanthus. In the last four mix proportions, NS 152 

stands for non-sterile. In other words, in these samples not constantly disinfected materials were 153 

used.      154 

Table 1. Mix proportions used for manufacturing of test samples 155 

Sample ID Mix proportion (Ganoderma resinaceum mushroom : 

Miscanthus fibers: Potato starch) 

G0.2_M1_P0.1 0.2 1 0.1 

G0.2_M1_P0.2 0.2 1 0.2 
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G0.2_M1_P0.5 0.2 1 0.5 

G0.3_M1_P0.1 0.3 1 0.1 

G0.5_M1_P0.1 0.5 1 0.1 

G0.7_M1_P0.1 0.7 1 0.1 

G0.7_M1_P0.2 0.7 1 0.2 

G0.7_M1_P0.5 0.7 1 0.5 

G0.2_M1_P0.2_NS 0.2 1 0.2 

G0.5_M1_P0.1_NS 0.5 1 0.1 

G0.7_M1_P0.1_NS 0.7 1 0.1 

G0.7_M1_P0.2_NS 0.7 1 0.2 

Three test samples were carefully manufactured from each mix proportions for the testing. The 156 

manufacturing procedure of the test samples involves mixing of potato starch and water, adding 157 

mixture to the dried Miscanthus, boiling the mixture, cooling down the mixture, mixing the 158 

mushroom to the Miscanthus-potato starch mixture and manufacturing of samples using the prism 159 

moulds, as shown in Figure 4.   160 

 161 

Figure 4. Manufacturing procedure of test samples 162 
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The mixing procedure was done as follows: weighted potato starch was mixed with 15l of water, 163 

and then the mixture was added into 150g of dried Miscanthus. The mixture was boiled for 30 164 

minutes to kill most of the bacteria on the Miscanthus fibers. After that, the excess water was 165 

filtered away by using a sterilized strainer, and the wet Miscanthus-potato starch mixture was then 166 

put on a sterilized bowl to cool down itself until 30 to 35 ˚C. This was done to avoid a high 167 

difference as this would have killed the Mycelium before its growth. It has to be noted that the 168 

Mycelium was kept at 4 ˚C before being mixed to the rest in order to prevent the mushroom from 169 

growing already before its application in these specimens. Once the desired temperature was 170 

reached, the Miscanthus was mixed with the mushroom Mycelium until a homogeneous mixture 171 

was obtained. Finally, the mixture is put inside three prism moulds with the dimensions of 40 mm 172 

x 40 mm x 160 mm and covered with a sterilized plastic wrap, as shown in Figure 5(a).  173 

Since a dark environment is helpful to the growth of the mushroom, the samples were kept in a 174 

closed cabinet for 7 days at room temperature (around 20 – 22 ˚C). The given condition is ideal 175 

for Mycelium to grow in the prisms, so that a good binding between the Mycelium grains and 176 

Miscanthus fibres can be achieved. After 7 days, the samples were taken out from the cabinet and 177 

demoulded. Figures 5(b) and (c) show the samples after the first growing phase. Mycelium is a 178 

fast growing fungus. Thus, in the first growth phase it develops and bind surrounding material, i.e. 179 

Miscanthus. In this phase, Mycelium grows the most due to higher amount of starch available. 180 

Thus, it can be assumed that the samples will have firm shape after the first growing phase.  181 

The dimensions and weights of the demoulded test samples were measured, and the samples were 182 

then put separately in sterilized bags and sealed in order to begin the second growing phase. 183 

Although the samples had a stable shape at the end of the first growing phase, it was observed that 184 

the part of the sample which was against the mould was not enveloped by the Mycelium ligaments. 185 

Thus, the second growth phase is aimed to reinforce the structure of Mycelium which leads to 186 

stiffer and stronger final product. Therefore, the samples were put in the same cabinet again as in 187 

the first phase to stimulate Mycelium growth towards a denser network and to obtain a better 188 

homogeneity on the surfaces. The Mycelium continued to grow in this environment although the 189 

growth in this second phase is slower. The second growing phases was limited to 10 days to prevent 190 

the initiation of the growing of fruiting bodies as well as the deterioration of the fungus in the 191 

mixture. The samples were measured and weighed again at the end of the second growth phase. 192 
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Then, the samples were put in an oven and continuously dried at 80 ˚C for to stop the Mycelium 193 

from growing. The samples were measured and weighted repeatedly every 1 hour. The drying 194 

process was stopped after 24 hours or when the samples reached at least 35% of the initial weight. 195 

Figure 5(d) shows all the final test samples after the drying process.  196 

                      197 

                                              (a)                                                                      (b)          198 

                            199 

(c)                                                                          (d) 200 

Figure 5. Test samples (a) Miscanthus mixture in the prism moulds covered with plastic wrap (b) Test 201 

samples after first growing phase (c) Demoulded test samples after first growing phase (d) Test samples 202 

after the drying process  203 

3 RESULTS AND DISCUSSION 204 

The prism test samples were completed in a total time of 18 days. Based on visual analysis, a 205 

difference in growth of Mycelium on the test samples was observed. The varied amount of white 206 

visible on the samples might be a result of various factors such as a lack of mycelium, the 207 
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availability of the substrate for Mycelium to grow or the differences in airflow. It was observed 208 

that the prism test samples of G0.7_M1_P0.1 was completely white at the end of first growing 209 

phase and had enough growth of Mycelium to hold the composite together. The prism test samples 210 

of G0.2_M1_P0.1 had built some yellow-brownish liquid after the first growth phase compared to 211 

other test samples. The composition of the liquid was not analyzed in this study. However, it was 212 

assumed that the brownish color would come from the Miscanthus and the yellow watery part 213 

represent the initiation of the growing phase of fruiting bodies or the deterioration of the fungus in 214 

the mixture.  215 

The measured average density of all the mixtures after each phase was compared and are presented 216 

in Figure 6. It is observed that the weight of the all the samples except G0.2_M1_P0.5, 217 

G0.5_M1_P0.1, G0.7_M1_P0.1_NS and G0.7_M1_P0.2_NS has changed at the end of the second 218 

growing phase. At this phase, the weight changes depend on how the Mycelium grew and on the 219 

humidity lost. In the first hours of the drying process, the weight decreased considerably every 220 

hour. This is due to the evaporation of the humidity present in the samples. After 24h the decrease 221 

of the weight slowed down.  222 

 223 
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Figure 6. Average density of all the mixtures after each phase 224 

As the mixtures G0.3_M1_P0.1 and G0.7_M1_P0.1 present a low-density, for these mixtures an 225 

excellent thermal insulation capacity could be expected. However, since for mixture 226 

G0.3_M1_P0.1 sample less Mushroom, that is 45g, is used, it was identified as well-balanced mix 227 

proportion for being applied in a lightweight Mycelium-Miscanthus thermal insulation board.  228 

3.1 FEASIBILITY OF USE COFFEE AS STARCH 229 

As described in Section 2.1, Mycelium needs a base material to start natural growth. In this 230 

subsection, further experiments were carried out by substituting the potato starch by coffee to 231 

check the usefulness of the coffee as ecological, renewable and biodegradable material. A mixture 232 

of G0.3_M1_C0.1 with a ratio of 0.3 times the weight of Miscanthus for Mycelium and a ratio of 233 

0.1 times for coffee was produced.   234 

Figure 7 compares the observed results on average density of these two test mixtures. It can be 235 

seen that the average density was obtained for both samples is almost the same after the first growth 236 

phase. In general, the samples made of used ground coffee has slightly lower density than samples 237 

made with potato starch, after the drying phase. It was also observed that there is no visible 238 

difference between prisms made with potato starch and prisms made with used ground coffee. 239 

Apart from the fact that during the development of the mushroom, a strong smell of coffee 240 

emanates from the samples.       241 
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 242 

Figure 7. Comparison of average density for the mixtures of G0.3_M1_P0.1 and G0.3_M1_C0.1  243 

3.2 SCANNING ELECTRON MICROSCOPY (SEM) ANALYSIS 244 

SEM analysis was carried out to evaluate the microstructural formation of the Mycelium in the 245 

composites, using a JSM-6010LA scanning electron microscope. The SEM images of the 246 

formation of Mycelium around the Miscanthus fibers were analysed on the test samples of 247 

G0.7_M1_P0.5. Figures 8(a) and 8(b) show the fibrous network of Miscanthus and Mycelium 248 

matrix from Ganoderma resinaceum mushroom, respectively. These images indicate that the 249 

microstructure of Miscanthus is not isotropic and it is formed by numerous hollow tubes that all 250 

points oriented in the same direction. Moreover, the Mycelium in the mushroom exhibits an 251 

interconnected network like microstructure, formed from randomly arranged filaments.  252 
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       253 

                                       (a)                                                                          (b) 254 

Figure 8. SEM image of (a) Miscanthus fiber structure (b) Mycelium matrix in Ganoderma resinaceum 255 

mushroom   256 

The morphology of the Mycelium-Miscanthus composite is shown in Figure 9(a). It shows that 257 

there is Mycelium growth between and around the Miscanthus fibers, successfully embedding the 258 

Miscanthus into the composite. Figure 9(b) depicts a closer view of the Mycelium growing into 259 

the Miscanthus fibers. Although it is not clear how deep the Mycelium hypha penetrates into the 260 

fibers, it is clear that the Mycelium grew within the composite and bonded with the Miscanthus 261 

fibers. The abundance of the Mycelium in the center of the composite may be due to the insufficient 262 

airflow through the materials. The presence of voids in the center of the composite is expected to 263 

affect the mechanical and thermal properties of the composite. 264 

   265 

(a)                                                                          (b) 266 

Figure 9. SEM image of (a) Mycelium bonded with Miscanthus (b) closer view of the Mycelium growth 267 

within the composite 268 
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3.3 COMPRESSIVE TEST 269 

The experimental study was further extended in order to analyze the mechanical characteristics of 270 

Mycelium-Miscanthus samples. Compressive tests on prisms were carried out to determine their 271 

compressive strength. Compressive strength of a prism depends on its porosity, pore size and 272 

material characteristics including the bonding of the Miscanthus fibers to the Mycelium used. 273 

Figure 10 shows a test prism made of G0.3_M1_P0.1 after subjected to compression test. The load 274 

on the compression tip was applied at a constant rate and the load vs displacement data were 275 

recorded. The compression test was continued until the specimen reaches 10% relative 276 

displacement, and the compressive strength was defined according to [24] as the stress at 10% 277 

relative deformation displayed if the test specimen does not yield or rupture before it reaches the 278 

required deformation. The results for strain versus stress through the compression test are 279 

represented in Figure 11. It can be seen that the compressive strength of the prisms varies between 280 

1.2 N/mm2 to 1.8 N/mm2. It was also observed that the composite stick together even after it 281 

reached to the non-reversible deformation.       282 

 283 

Figure 10. The compressed test sample G0.3_M1_P0.1  284 
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 285 

Figure 11. Stress-strain relationship 286 

3.4 WATER ABSORPTION 287 

Since the composites are hydrophilic, the durability of the material could be affected when the 288 

studied Mycelium-Miscanthus composites is used as insulation material. Therefore, the water 289 

absorption was measured by immersing the selected test sample made of G0.3_M1_P0.1 in water 290 

until the increase in water absorption is negligible. The water absorption capability in percentage 291 

was calculated as,  292 

𝑊𝑎𝑡𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
𝑀2 − 𝑀1

𝑀1
 𝑥 100% 293 

where M1 is the initial dry mass and M2 is the water-soaked mass.  294 

The initial dry mass of the sample was 0.0555 kg. Figure 12 shows the observed results on the 295 

water absorption of test sample. It is reported that the water absorption of Mycelium-based 296 

materials is very fast and it increases in weight by 40-580 wt% in contact with water for 48-192 297 

hours [25]. The rate of absorption is dependent on the characteristic of the pores with their size, 298 

distribution and continuity. It was found that the sample absorbs more water around the first 30 299 

seconds and it has then been reduced with time. This is due to Mycelium-Miscanthus composite, 300 

which has a high porosity and a complicated internal structure. Since the thermal insulations are 301 
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usually used in internally dry conditions, the weight increase occurred within first few seconds is 302 

not a significant problem [26], as for other insulation materials too, a render will protect the 303 

composite from environmental impacts.  304 

 305 

Figure 12. Water absorption in relation of time 306 

Once the absorption test was completed, the test sample was kept in the water for a certain period 307 

to observe the possible changes and developments on the sample. Although the composite was 308 

observed during 1 month, no development of Ganoderma was observed. After 1 month, a sample 309 

was cut in half to inspect inside, and it was observed that Ganoderma had not developed inside the 310 

composite as well, as shown in Figure 13. It is apparent that despite the water is partially raised in 311 

the sample, the development of the mold stops at the outer space (Figure 13). This, it can be 312 

concluded that drying the mixture at 80 ˚C effectively kills the fungus.  313 
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Figure 13. Test sample G0.3_M1_P0.1 after 28 days (cut in half); Red circle has drawn around the 315 

developed mold on the sample 316 

3.5 THERMAL INSULATION TEST 317 

After having studied the mixture properties with prism samples, Mycelium-Miscanthus plates were 318 

produced using the same procedure and the same ratios as for the prisms, described in Section 2.2. 319 

The only differences were related to the volumes and the formworks used. The plate dimensions 320 

were 500 mm x 500 mm x 70 mm. G0.3_M1_P0.1 mixture was used to manufacture the bio-321 

composite plates. The aim of this experiment was to study the insulation capacity of the Miscanthus 322 

and Mycelium composite, and its interaction with plaster. The final plates are shown in Figure 14.  323 

 324 

Figure 14. Test sample of Mycelium-Miscanthus plate used to assess the thermal performance 325 

In total, six plates were manufactured. Plates 1 to 4 were made produced without a render, while 326 

Plates 5 and 6 were covered with a render. Two layers of render were applied on those two plates 327 

according to ETAG-004 [27]. A 15 mm thick layer of Weber DUR 137 was used as a base coat 328 

layer and 10 mm thick of Weber TOP 200 was put on the first render layer as a finishing coat. 329 

After the application of base layer, a 5mm x 5mm grid was placed on the top of the base layer as 330 

reinforcement. Before application of Weber TOP 200, it was ensured that the first layer is 331 

completely dry and dust free. Figure 15 shows the manufactured plates with two layers of render.  332 
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 333 

Figure 15. Plates 5 and 6 with two layers of render 334 

Figure 16 compares the final density of each plate. The first four plates are very light having a 335 

density between 122.5 and 167.3 kg/m3. Low density of the composite is desirable for reducing 336 

the packaging and transportation costs as well as thermal properties of the composite. The larger 337 

thermal conductivity can be attributed to the higher density of the material [20, 28, 29]. Yang et 338 

al. [21] showed that Mycelium-based bio-composite has a thermal conductivity between 0.05 and 339 

0.07 Wm-1K-1 with a density between 160 and 280 kg/m3. Cadena and Bula [30] developed bio-340 

composite insulation boards based on rice husks and yucca starch which has a thermal conductivity 341 

of 0.065 Wm-1K-1 and density of 195 kg/m3. 342 

 343 

Figure 16. Comparison of density of plates  344 
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They were first left for 76 days outdoor in order to study the impact of humidity and temperature 345 

changes as well as and UV radiation on them. It was observed that the renders on the plates were 346 

unaltered. There were neither cracks nor curvatures visible. However, after six weeks, a bump 347 

appeared on the Plate 6. Figure 17 shows the variation of weight of the Plates 5 and 6 during the 348 

experiment. In general, it was observed that the plates did not change a lot, which shows that the 349 

Mycelium-Miscanthus plates are resistant on the environmental conditions.  350 

 351 

Figure 17. Weight of the plates during the experiment 352 

In the next step, the insulation capabilities of composite plates were studied by measuring their 353 

thermal conductivity. The device Taurus TLP800/900 was used to determine the thermal 354 

conductivity of Mycelium-Miscanthus composite plates. Figure 18(a) shows the thermal 355 

conductivity test carried out by the Taurus TLP800/900 device on the composite plate according 356 

to ISO 8302/EN 1946-3. In total, three tests were carried out. For the first test, two composite 357 

plates (Plates 2 and 4) were used at the same time, as illustrated in Figure 18(b), while the second 358 

test was carried out for a single composite plate (Plate 1), as illustrated in Figure 18(c). The third 359 

test was carried out using the two composite plates with render (i.e. Plates 5 and 6) after their 360 

exposition to outside environmental conditions for 2 months. In Figure 18(b), the test setup for the 361 

measurement of the heat conductivity using two composite plates is illustrated. The bottom of the 362 

measuring device consists a cooling plate following by a levelling mat and thermocouples. At the 363 

middle of the machine, a heating plate is positioned. On the top of the machine, another cooling 364 
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plate is positioned. During the thermal insulation test, each composite plate (test sample) was put 365 

between a cooling and a heating plate in order to install a temperature difference of 10 K within 366 

each composite plate. This is needed to calculate the thermal conductivity (i.e. λ-value). In 367 

addition, a thin layer of temperature sensors was introduced between each heating/cooling plate 368 

and these sensors measure the temperature at 5 points on the composite plate (test sample), as 369 

shown in Figure 18(d). Moreover, the composite plates were insulated on the four sides so that 370 

they are positioned in the middle by use of Styrofoam are placed around the composite plate, as 371 

shown in Figure 18(d).  372 

          373 

                                       (a)                                                                          (b) 374 

        375 

                               (c)                                                                                  (d) 376 

Figure 18. Thermal conductivity test (a) Taurus TLP800/900 (b) Principle illustration of measuring with 377 

two plate method [31] (c) Principle illustration of measuring with single plate method [31] (d) 378 

Thermocouples attached on the test sample 379 

The thermal conductivity of each plate was measured at three different mean temperatures because 380 

of the temperature difference between the heating plate and the cooling plate. The λ-value is 381 

calculated from the power which is put into the heating plate, the thickness of the sample and the 382 
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temperature difference. It gives the thermal conductivity of a material in the unit of Wm-1K-1. The 383 

obtained results are plotted in Figure 19. From these results, it can be seen that the λ-values for 384 

plates 2&4, 1, and 5&6 are 0.0882, 0.104 and 0.121 Wm-1K-1, respectively. Thus, it is clear that 385 

the associated λ-value of new insulation material of Mycelium-Miscanthus composite is between 386 

0.0882 and 0.104 Wm-1K-1. These result can be compared to λ-values of straw, hemp concrete, 387 

softwoods and gypsum about 0.08 [32], 0.1 [33], 0.12 [34]and 0.17 [34] Wm-1K-1, respectively. 388 

However, when comparing production costs and environmental impacts, the new Mycelium-389 

Miscanthus composite is cheaper to manufacture and has a significantly lower carbon footprint.  390 

 391 

Figure 19. Average results for thermal conductivity 392 

3.6 FIRE RESISTANCE TEST 393 

Even though Mycelium and Miscanthus have no notable fire-resistant properties, fire resistance 394 

tests focused primarily on the Mycelium-Miscanthus composite in order to analyze the fire 395 

resistance so that it can be classified according to the standard EN 13501-2:2003 [35]. The test 396 

samples (plates with and without render) were manufactured in a similar way as described above. 397 
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which was attached to the gas consisting of 60% Methane, 34.5% CO2 and 0.5% Oxygen. The 399 

experiment was captured with a thermal camera to determine the temperature evolution.   400 

First, a plate without render was tested. According to the standard EN 13501-2:2003 [35], a piece 401 

of cotton wool was put on the top of the plate, and the test has to be considered to be over when 402 

the cotton begins to burn, a gap or opening is visible or the presence of a persistent flame on the 403 

side facing away from the fire is appearing. It was observed that a gap was visible and the cotton 404 

wool started to burn after 40 minutes. Figure 20 shows the plate before and after it was burned for 405 

40 minutes.  406 

     407 

                         (a)                                                      (b)                                                   (c) 408 

Figure 20. Plate without render subjected to fire test (a) before start to burn (b) after 40 minutes (c) 409 

bottom of the plate after 40 minutes 410 

Figure 21 shows the captured temperature progression by the thermal camera during the fire test. 411 

It can be seen that the heat from the flame took about 7 minutes to get to the top of the plate and 412 

another 33 minutes to burn the cotton wool and create an opening on the top of the plate. Moreover, 413 

Figure 22 depicts the variation of temperature at two points, one is on the cotton wool (P1) and 414 

another is on top of the plate just close to the cotton wool (P2), during the fire test. It was observed 415 

that the temperature at point P1 slightly decreased until 22 minutes. This is due to the high amount 416 

of fume, which was created during the test.  417 
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     418 

                         (a)                                                     (b)                                                   (c) 419 

Figure 21. Temperature progression during the fire test (a) before start to burn (b) after 7 minutes (c) 420 

after 40 minutes 421 

       422 

                                     (a)                                                                               (b)                                                    423 

 424 

(c) 425 

Figure 22. (a) Measurement points P1 and P2 (b) Captured temperature at P1 and P2 (c) Variation of 426 

temperature at P1 and P2 427 
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Then, the same procedure was conducted on a plate with render. The side which has no render was 428 

placed over the flame, as shown in Figure 23(a). It was burned for 1 hour and 10 minutes. Since 429 

the sample did not show any combustion over this period, the test was then stopped. It was 430 

observed that the cotton wool did not burn like in the first test, as shown in Figure 23(b), because 431 

the fire did not go through the plate. However, it can be seen that the bottom of the plate has 432 

burned, as shown in Figure 23(c). 433 

     434 

                         (a)                                                      (b)                                                   (c) 435 

Figure 23. Plate with render subjected to fire test (a) before start to burn (b) after 1 hour and 10 minutes 436 

(c) bottom of the plate after 1 hour and 10 minutes 437 

Based on the results from fire test and according to the EN13501-2:2003 [35], it can be concluded 438 

that the fire resistance of the Mycelium-Miscanthus composite is EI15. The classification of EI 439 

was chosen because of the consideration both parameters E and I. E is attributed if the integrity of 440 

the component is maintained and no breakthrough of flames is generated, while I is attributed if 441 

the temperature of the non-exposed side of the element does not rise over 140 ˚C [35].  442 

4 CONCLUSION 443 

Research on bioenergy crops based products are one of the key strategies to reduce the use of non-444 

renewable resources. The current market is established for mainly non-biobased building 445 

insulation materials. However, developing and promoting bio-based building insulation materials 446 

have great benefits on the environment. This paper focused on the Mycelium-Miscanthus 447 

composites as an economical and sustainable alternative material to traditional building insulation 448 

materials. Since the thermal conductivity depends on the density, different proportions of 449 

Mycelium to Miscanthus were considered to produce lightweight porous composite. The best mix 450 
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proportion was identified as G0.3_M1_P0.1 which has the mix proportions of 0.3:1:0.1 of 451 

Ganoderma resinaceum mushroom, Miscanthus x giganteus fibers and potato starch. Compressive 452 

strength and water absorption of the composite were also investigated. The microstructural 453 

geometry of the composite was evaluated using the SEM images, and it was observed that the 454 

Mycelium grew around the Miscanthus fibers. Insulation capability of the composite was measured 455 

by measuring their thermal conductivity. The thermal conductivity between 0.0882 and 0.104 Wm-456 

1K-1 observed for new insulation material Mycelium-Miscanthus composite with average density 457 

of 122 kg/m3. Furthermore, fire tests on composite plates were proving that they have considerable 458 

fire resistance and belong to the category EI15 according to the EN13501-2:2003. It was found 459 

that the prepared new composite has comparatively better properties than the conventional 460 

insulation materials and meet most of required for the indoor building applications.  461 
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