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Abstract


Fungal-based composites as substitutes for construction materials might represent a promising solution to reduce the environmental burdens of the building industry. Such composites can be produced biotechnologically through the cultivation of multicellular fungi that form dense mycelia whilst growing into and onto residual plant biomass from agriculture and forestry. As comprehensive environmental assessments are missing, this paper conducts a life cycle assessment for fungal-based composite bricks considering the categories of climate change, eutrophication, acidification, smog, water scarcity, and land use. Electricity for sterilization, incubation, and the drying process led to 81.4% of a total 0.494 total kg CO2 eq. for climate change and 58.7% of a total 9.39 × 10−4 kg SO2 eq. for acidification. Further, hemp shives and grain mix were identified as hotspots for eutrophication (77.7% of 6.02 × 10−4 kg PO4−3 eq.) and land use (81.8% of 19.4 kg Pt eq.). However, the use of hemp shives, rapeseed straw, or poplar wood chips did not differ in the environmental impacts. Further, lab-scale production was compared with industrial scale-up, which is mostly characterized by energy efficiency showing reduced impacts for all considered categories, e.g., a decrease of 68% in climate change. Recycling should be included in future studies as well as considering the use and end-of-life phase.
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1. Introduction


Fungi have been used by mankind in numerous ways since prehistoric times. Commonly known is their use as food or in food fermentation. Less well-known is that fungi have also long played a role as a source of materials and medicine.



The Iceman mummy found at Tisenjoch, also known as “Ötzi”, carried parts of tinder fungus Fomes fomentarius and birch polypore Piptoporus betulina. These fungi were probably used for fire-making and healing purposes [1]. In particular, the tinder fungus was used for thousands of years to obtain tinder. This soft felt-like material served as a spark catcher for fire making. In addition, it was suitable for making textile items. The formerly widespread traditional use of this “felt leather” is kept alive today in some regions, primarily in Eastern Europe, or through innovative product designers, e.g., ZVNDER [2], MYLO [3], or NEFFA [4].



In biotechnology, unicellular and filamentous fungi play a prominent role due to their metabolic versatility and robustness and are therefore harnessed by different industries including pharma, chemical, food, feed, biofuel, and textile industries to produce drugs, platform chemicals, enzymes, food additives, and organic acids [5]. Most recently, filamentous fungi, i.e., mycelium-forming fungi have gained much interest because their biomass consists of a dense three-dimensional cellular network with notable material properties [6]. Whilst growing onto and into lignocellulosic plant residual materials derived from agriculture and forestry, the mycelia form a solid composite material [5]. Such composite materials can be used for packaging (Ecovative [7]) or interior design (Mogu [8]). Others explore the use of the pure fungal mycelium as a leather alternative (MycoWorks [9], Mylea-Mycotech [10]) or fabric (NEFFA [4]).



So far, research on fungal-based composites as an alternative construction material has only taken place on a laboratory or pilot-plant scale. The first artistic but experimental buildings have been constructed, e.g., the 13 m high ‘Hy-Fi’ installation in front of the MoMA [11] and the ‘Monolito Micelio’ Pavilion [12]. In a future scenario, customers could select and customize building elements before they become cultivated and could, e.g., use them as partition walls in a previously continuous space. Such options would give residents flexibility in the design and during the construction phases and would allow custom-made buildings.



This study focuses on the potential use of fungal composites as a building material to address amongst others the environmental problem of climate change to which the building sector is contributing about 23% of total CO2 emissions globally [13]. Furthermore, it needs to be considered that the building sector is constantly growing [14], most likely leading to an increase in CO2 emissions as well as water and fossil resource consumption [15].



While the use of renewable materials is widespread in other sectors such as the consumer industry, the construction sector is characterized in many areas by traditional materials and production methods. The utilization of fungal-based bricks consisting of by-products from agriculture or forestry could offer a alternative to reduce the environmental burden of the building industry. The replacement of conventional materials, such as concrete or lime sandstone, with these biologically produced and thus biodegradable materials could considerably contribute to reaching the UN sustainability goals [5].



Studies on environmental impacts including life cycle assessments (LCA) have not been carried out yet with respect to fungal-based composite, despite numerous studies addressing their physico-mechanical properties [16,17]. Therefore, the aim of the current study is to determine the potential environmental impacts regarding the cultivation of Fomes fomentarius on hemp shives, rapeseed straw, and poplar wood chips as a standardized brick according to the DIN EN 771-1 [18], thus also enabling a comparison with common materials.




2. Materials and Methods


A LCA based on ISO 14040/44 was carried out [19,20]. In this section, the goal and scope definition (Section 2.1) and inventory analysis (Section 2.2) are presented.



2.1. Goal and Scope Definition


The goal of this case study is to identify the potential environmental impacts of fungal-based building materials on a lab scale. The function of the fungal-based composite brick is providing stability and thermal regulation for buildings. Thus, the functional (declared) unit of one fungal-based brick standardized to the German ‘Normalformat’ (NF) brick (24 × 11.5 × 7.1 cm) [18] made out of hemp shives is chosen (see Figure 1). The intended application of this LCA is to determine the potential environmental hotspots of the lab-scale production of fungal-based bricks. The hemp shive composite brick is also compared to bricks that are based on the alternative plant substrates rapeseed straw and poplar wood chips. Within the discussion in Section 4.3, the fungal-based composite bricks are further compared with conventionally used bricks in construction to estimate possible reduction potentials.



A “cradle-to-gate” study is carried out to cover the production process, setting the system boundaries to include all unit processes from cradle to gate, as shown in Figure 2. The use phase and the end-of-life phase are not considered.



In the following, the studied product system is defined in detail. The included processes are shown in the flow diagram in Figure 2. The data of this foreground system were selected on site (laboratory) via measurements of, e.g., the electricity of equipment. Missing data were determined via literature research and by use of databases. The used equipment was not included in the modeling. Further, a cut-off of 5% was defined. Applied data and corresponding modeling assumptions including allocation procedures are explained in Section 2.2.



The production of the fungal-based brick from the fungal mycelium of tinder sponge Fomes fomentarius (strain: GaG41) and solid particulate plant material was carried out in a microbiological laboratory (“lab scale”). The brick was produced within a cultivation system conducted in four steps (see Figure 2). In every step, the cultivation conditions were changed to gradually increase the fungal biomass.



For Step 1, pre-culture, the mycelium of tinder sponge Fomes fomentarius (strain: GaG41) was cultivated in a petri dish containing a nutrient-rich agar medium (complete medium). For this, a small amount of mycelium was transferred (inoculated) onto the agar plate and incubated for approximately seven days until the mycelium colonized the agar plate. Experiments have shown that direct inoculation of larger quantities of solid substrates (hemp shives, rapeseed straw, or poplar wood chips) from agar plates lead to poor, uneven growth [21]. Therefore, as an intermediate step, the fungus was cultivated in grain cultures producing mycelium brood.



In Step 2, grain culture, mycelia were scraped off and used to inoculate a rye grain culture, which induced the secreted enzyme reservoir of F. fomentarius to degrade cellulosic components within seven days of cultivation. For this step, rye was autoclaved with water and a small amount of gypsum, which helped to keep the single grains intact.



Step 3, substrate culture, encompassed the transfer of the rye grain inoculum onto different lignocellulosic plant substrates including hemp shives (or rapeseed straw or poplar wood chips) in cultivation bags and further cultivation for 12 days. Growth was supported by adding water and wheat flour to induce enzyme secretion. During incubation, the substrate culture was mixed after seven days.



Step 4, molding, involved transfer of the mycelium-covered lignocellulosic plant substrate into brick molds to allow for a final 7-day cultivation phase that solidified the composite further. The molds were constructed according to EN 771 [18] measurements of a German ‘Normalformat’ (NF) brick, following the octametric system, out of coated plywood (28 mm screen printing plates). The plates were cut to size with a handsaw and joined with screws. To vary the surface of individual bricks, these molds were equipped with inlays, 3D-printed from polylactic acid. Eventually, the mold was removed, and the mycelial growth in the composite material was inactivated through a 70 °C pasteurization step in a drying oven.



All cultivation steps were conducted at 24 °C, constant humidity, and constant light. Since the substrates used could also have been metabolized by many other organisms (e.g., bacteria, yeasts, and molds), sterile conditions were necessary to prevent the growth of these contaminants, which otherwise may have compromised the quality of the mycelium composites. Therefore, all media and tools that were in contact with growing mycelium cultures needed to be sterilized by using an autoclave. Besides the used substrates, the conditions for incubation during fungal growth determine the growth rate, total fungal biomass, and thus the strength of the composites produced. Therefore, temperature, exposure to light, and oxygen supply had to be controlled and kept constant to obtain stable product quality.



Potential environmental impacts were determined for the categories of climate change, acidification, eutrophication, smog (photochemical ozone creation) land use, and water scarcity, (see Table 1). The methodology of the Institute for Environmental Sciences in Leiden (CML) [22,23] in its version from 2016 was applied for climate change, acidification, and eutrophication, as it is one of the LCIA methods frequently used throughout Europe for years [24,25]. For the categories of land use, water scarcity, and smog, the recommendations of the Product Environmental Footprint [26] were followed, applying the LANCA method [27,28,29] as an aggregated single-score indicator for land use, the AWARE (Available Water Remaining) method [30] for water scarcity, and ReCiPe [31,32] for smog. No normalization and weighting methods were applied.




2.2. Inventory Analysis


The primary data for the production of fungal-based bricks were collected during lab cultivation; the secondary datasets were taken from the databases of Sphera (with SP 40) [33] and Ecoinvent 3.5 [34] (see Table 2) using the GaBi software [34] for modeling.



The following materials were modeled for Step 1: petri dishes (polystyrene), gloves (nitrile), and medium. Since no process for the petri dish was available in the databases, it was modeled based on general-purpose polystyrene, assuming thermal energy and electricity use, similar to comparable plastic polymer processing methods. The used nutrient medium contains defined amounts (see Table 2) of the following ingredients: malt extract, peptone from gelatin, glycerin, dextrin, agar, and deionized water. Since some data sets for these ingredients of the medium were not available, proxies were used based on similar properties. For malt extract, the proxy barley was used, since malt extract is mostly obtained from barley. As the production of malt extract out of malt and malt out of barley leads to a weight loss of approximately 22% according to Kunze [35], the input mass was adapted accordingly. Gelatin was used as a proxy for peptone since peptone is extracted from gelatin. Instead of dextrin, the dataset of starch was applied, as dextrin is a by-product of the starch production and is formed by the enzymatic degradation of starch. An alternative for agar is gelatin because it was formerly used to harden the medium.



In Step 2, the grain mix was modeled. It includes rye grains, gypsum, and deionized water. It was assumed that rye grains originate from Brandenburg. Accordingly a transport process of 50 km was estimated.



The substrate culture process (Step 3) used next to the substrates (hemp shives, rapeseed straw, or poplar wood chips) also substrate bags (made from polypropylene), deionized water for the hydration, and wheat flour. Hemp is produced in Brandenburg, for which it is assumed to be 50 km outside of the production facility in Berlin. For rapeseed straw and poplar wood chips, it was assumed that the products originate from Brandenburg as well, and the same transport distances were applied. Further, an economic allocation for rapeseed straw was applied as, compared to the other substrates, there was no suitable data set. The Sphera database [36] only contains one data set for rapeseed, which, however, requires the same agricultural cultivation process as the corresponding straw. Economically, rapeseed is three times more valuable than rapeseed straw [37,38]. Consequently, a sub process was created to allocate associated environmental impacts to rapeseed straw. A data set of wood chips was utilized for poplar wood chips.



Within Step 4 (molding), the electricity consumption for drying (drying oven) and the foil (polyethylene), which covers the brick mold, was included. It was assumed that the brick mold itself from coated plywood is used for over 100 bricks and only contributes to a very small share of the environmental impacts of one brick. Therefore, it was considered as negligible and is not considered in the model.



Additionally, in Steps 1–3, sterilization (autoclave) and, in Step 1–4, incubation (incubation room) of the materials were performed. The electricity consumption for the used autoclave and incubation room was modeled in each process separately. The energy consumption of the autoclave and the drying oven could be measured with a heavy current meter. The energy consumption for the incubation room was determined based on the calculated heating capacity (0.39 kW) for one hour of a standardized incubation room (30.6 m3) according to Formula (1), the area used therein (0.025%/per substrate bag), and a use of eight hours per day.


  Q = V ∗ U – v a l u e ∗ Δ T = 30.6    m 3  ∗ 2.2  W   m 3  ∗ K   ∗ 5   K = 0.39   k W  



(1)






Q = heat [W]

U-value = thermal transmittance [W/m3 ∗ K]

V = volume [m3]

∆T = temperature difference [K]











The produced waste was also included. The forming of polystyrene petri dishes results in a loss of approximately 20% polystyrene, as observed in practice, which is modeled as being incinerated, including credits for energy and steam. The remaining materials for pre-culture were disposed of with the commercial waste after usage. The polypropylene bags used in the substrate culture were assigned to the polypropylene incineration process as well. Furthermore, all used materials to be discarded were sterilized (autoclave) one more time before disposal to avoid carrying living organisms into the environment.



The associated amounts for one brick are provided in Table 2. and were measured and weighted on location (primary data).





3. Results


In the following, results are first shown for the hemp shive composite brick. A comparison of the different plant substrates is presented later on.



As shown in Figure 3 and Table 3, production step 3, substrate culture, has the highest impacts for all considered categories (for climate change, the molding process is similarly high), with electricity (for sterilizing the substrate bags and substrates) and hemp shive substrate dominating the results. The hemp shives show different contributions to the impact categories: whereas they are dominating the category land use (81.8% of 19.4 kg Pt eq.) and eutrophication (77.7% of 6.02 × 10−4 kg PO4−3 eq.), their share of climate change is rather low. This can be explained by the fact that hemp is an agricultural product (biotic material), which needs to be cultivated and therefore shows high impacts in categories highly influenced by agriculture, such as land use (area needed for cultivation and associated soil quality), with 90.2% of total kg Pt eq., eutrophication (fertilizer use) with 50.5% of total kg PO43− eq., and water scarcity (irrigation), with 42.6% of total m3 world eq. [39,40]. However, fertilization also impacts acidification, because ammonium fertilizers are frequently used, and the emitted ammonia (to air) is potentially acidifying. Fertilizers also influence the categories of smog, due to emitted nitrogen emissions (to air), and climate change, due to methane and nitrous oxide emissions (to air) from manure and mineral fertilizers, respectively [41]. However, categories such as acidification, climate change, and smog are more influenced by electricity production, mostly due to emissions during coal burning. The German consumption electricity mix was used to model electricity for sterilization, incubation, and drying. It includes, next to a rather small share of renewable and nuclear energy, also a high share of coal [42]. This results in 81.4% kg CO2 eq. of the total global warming potential (GWP100) as well as 58.7% kg SO2 eq. of the acidification potential (AP) and 73.2% kg NOx eq. of the photochemical ozone creation potential (POCP) for one hemp shive composite brick. Further, the substrate bags made out of polypropylene are also a hotspot of climate change, especially for step 3, substrate culture, with 22.5%, but also for water scarcity, where they account for 43.6% of total m3 world eq. in Step 3, substrate culture, because they are based on fossil materials and require high amounts of electricity to be produced. Within the analyzed product system, they also represented the highest amount of plastic used for the entire fungi brick production.



The production step 1, pre-culture, has the lowest impact of all considered impact categories and is mainly influenced by the sterilization of the petri dish and medium. Different to the other production steps, the amount of starting material that needs to be sterilized is very small; thus, the energy required for the sterilization is very low as well.



The impacts of production step 2, grain culture, vary depending on the impact category but are mainly influenced by the rye grain production. Similarly, to the hemp shives, rye as an agricultural product leads to high impacts in the categories of eutrophication (95.2% of total kg PO43− eq.) and water scarcity (84% of total m3 world eq.), but with an overall smaller contribution due to lower quantities applied. Land use impacts of rye are significantly lower compared to hemp shives because the underlying dataset assumes that, due to rye production in Switzerland, the transformation of extensive land use into arable land occurs, which influences soil quality positively. Electricity impacts, due to the autoclave, have an impact on the categories of climate change, acidification, and smog.



Step 4, molding, is mostly influenced by the electricity used to dry the fungi bricks.



Transportation of the substrates and rye grain only play a small role for all considered categories. The modelled transport distances are not large, as it is assumed that the substrates are produced in Brandenburg, which is 50 km away from the production facility in Berlin.



As addressed before, not only hemp shives but also rapeseed straw and poplar wood chips can be used as substrate materials. Thus, the fungi brick production was also carried out and modelled with these two alternative substrates. Changes occur due to the used substrate and associated changes in production step 3, substrate culture. The other production steps do not need to be adapted.



In Table 4, the differences of the entire production of rapeseed straw-based brick and poplar wood chips-based brick compared to hemp shive composite brick in the considered categories are shown. The results of the hemp shive composite brick were set to 100%, and deviations were determined (minus refers to reduced environmental impacts). It can be seen that the differences for the categories of smog, water scarcity, and climate change are small. The biggest changes can be observed for the categories of acidification and eutrophication, as well as land use.



For a more detailed interpretation, the results of production step 3, substrate culture, for the categories of acidification and eutrophication are presented in Figure 4. It is shown that the differences are due to the substrate itself as well as the substrate mix hydration. As shown in Table 2, the amount of wheat white flour and water for hydration differs depending on the used substrate, since water and white wheat flour are added as a percentage by weight of the substrate used. The substrate poplar wood chips perform better than the rapeseed straw and the hemp shives mainly within the cultivation step. Since poplar is a tree, it does not need to be fertilized, whereas rapeseed needs a rather large amount of fertilizer due to its high nutrient requirements [43]. The higher fertilizer use is expressed in higher impacts in the categories of acidification and eutrophication.




4. Discussion


4.1. General Challenges


Regarding the results of this study, it needs to be considered that some energy-inefficient technology on the lab scale possibly led to high energy use. This includes the drying oven in the molding step as well as the incubation room in the substrate culture step. Thus, the environmental impacts associated with electricity use could be reduced if newer technology and improved measurement tools are used.



Furthermore, the data sets used as proxies for the medium components of agar, dextrin, and malt extract might lead to over- or underestimation of the environmental impacts of step 1, pre-culture, and thus, should be modeled with more precise data. However, as their impact on the overall result is rather low, no significant changes are expected.



As mycelium-brick production is localized regionally, consistent use of data sets based on German infrastructure would be required. However, for this study, for some processes Swiss datasets were applied additionally, due to the limited availability in the databases for essential materials, such as rye and wood chips. However, this will not change the fact that the agricultural products have a large impact on eutrophication and land use, according to the utilization of fertilizer as well as monoculture cultivation and therefore soil leaching.



Since the LCA of the fungal-based bricks is a cradle-to-gate study, the use and the end-of-life phase are not analyzed. Due to the biodegradability of fungal-based hemp shive composite bricks, which consist mainly of large quantities of nutrients, there might be an improvement in soil quality after composting. However, it is not yet determined what additional coatings are needed to make the brick fire-resistant. Additional coating might impact its biodegradability. Further investigations into relevant material properties in the construction industry, i.e., durability in general and weather resistance, are needed to confirm the use of fungal-based hemp shive composite bricks in the building sector.



The material properties of fungal-based bricks need to be fully determined in order to develop operational uses and find the most appropriate implementations. Summarized by Jones et al. [16,17], the material properties of fungal-based composites differ by used substrate and fungus, which enables tuning the physico-mechanical properties of these composites by changing substrate composition or adding specific nutrients. The composites analyzed so far are characterized by high acoustic absorption and fire safety as well as low density and thermal conductivity [16]. With these material properties, mycelium composites are suitable for use in construction as insulation material (acoustic and thermal) or interior wall covering. Since a different fungus and substrate were used in this study than in previously published analyses, the physico-mechanical properties need to be evaluated in further tests to make a more specific comparison for the LCA analysis.



In conclusion, it could be noted that the biggest influence was attributed to the electricity used (see Figure 3). Besides the reduction of the overall impact through substitutions in energy supply (respectively, the use of renewable energy sources) and improvements in equipment, mass production of fungal-based materials would also reduce impacts in some process steps and materials.



The presented study focused solely on environmental aspects as an LCA was carried out. However, by also analyzing the other sustainability dimensions, namely the social and economic ones, a more comprehensive picture would emerge. For a product system based on biotic materials, such as agricultural and forestry by-products, competition with other uses of these materials, e.g., use in biogas plants, might occur and leads to challenges in availability. In addition, socio-economic aspects (e.g., trade barriers) can enhance regional as well as global scarcity. Thus, these aspects should be further analyzed (e.g., by applying the BIRD method [44]). Next to the economic dimension, also the social dimension needs to be further analyzed to account for possible social impacts and trade-offs (e.g., by applying the Guidelines for Social Life Cycle Assessment of Products and Organizations [45]).




4.2. Sensitivity Analysis—Industrial Scale-Up


Industrial production would be carried out under different circumstances; thus, assumptions of an industrial scale-up have been made (because a production facility for fungal-based materials does not exist yet) regarding the use of electricity, labor, and materials. In Figure 5, the comparison of results of lab-scale and industrial-scale produced hemp shive composite bricks is shown. It can be seen that the industrial scale performs better in all considered impact categories with the biggest reduction in the category of climate change. Plastic bags in step 3, substrate culture, are not required when substrates will be composted and hygienized in dedicated facilities. The main reason, however, is the reduced electricity use in all steps. Instead of autoclaving, a pasteurization process at 60 °C for 8 h was modeled. Steam boilers for the hygienization of larger amounts of substrate are standard machinery and result in energy savings [46]. According to the costs for steam sterilization of a 400 m2 area (interview, technical manager of Löckes Bio-Vertrieb GmbH) with a price of 0.3 € per kWh, the electricity consumption of 0.0568 MJ for one fungal-based hemp shive composite brick was determined. Further adaptions should consider power measurements of a steam boiler instead of an economical approximation to obtain an accurate assessment of energy consumption. Thermal insulation properties of the building itself were not considered. However, it is assumed that the rented building has an energy certificate of at least A or higher, which would generate minimal energy losses.



Adjustments were assumed for the condensate (80–90 °C) produced due to evaporation in substrate pasteurization, which could be used for room heating or hot water preparation. The drying process of the molding step could be optimized by upscaling in an accessible drying room, which would require 0.0294 MJ per brick. The measured consumption of the dry oven within 1.5 days (Section 2.2) was 21.2% of the maximum power consumption. This ratio was applied to maximum power consumption of the SDR-series drying room, according to the data sheet from Superdry-ToTech [47].



However, it should be noted that in industrial production, higher energy requirements might result from additional machinery, e.g., for shredding the substrate cultures or filling the molds. Consideration of the replacement of work carried out by humans should also be included. Further, the production efficiency should be considered in future assessments.




4.3. Comparison with Other Functional Units/Bricks Used in Construction


Next, the fungal-based composite brick produced at lab scale and industrial scale is compared with conventionally used bricks in construction such as concrete bricks, sand-lime bricks, and facing bricks to gain a better understanding of the overall reduction potentials. The authors are aware, that the functional unit of these bricks differ as conventional bricks are primarily used for the exterior facade of houses and buildings, as they are characterized by properties such as strength, durability, and weather and fire resistance. All these features are not yet sufficiently researched for fungal-based bricks in order to be used for long-term exterior construction.



Since the material properties of the mycelium bricks in comparison to the conventional bricks differ greatly in weight, the comparison was not carried out per kg but per one piece of brick. To determine the respective mass per piece of conventional brick, their respective density (ρconcrete brick = 2.0 kg/m3 [48]; ρsand lime brick = 1.7 kg/m3 [49]; ρfacing brick= 2.1 kg/m3 [50]) and the volume of a normal brick (as described in the functional unit) were applied. Based on their respective mass per piece, the different bricks were compared for the considered impact categories.



Comparing the results of the scale-up brick with the conventional bricks, it can be seen in Figure 6 that the fungal-based brick performs significantly better than the conventional ones in the categories climate change, water scarcity, and smog. Looking at climate change using fungal-based materials instead of concrete might save up to 2.5 times the amount of greenhouse gas emissions, whereas replacing sand-lime bricks or facing bricks might save up to 3–6 times. Due to the use of agricultural products, the eutrophication and land use categories perform considerably worse compared to conventional bricks.





5. Conclusions


The goal of this study was to identify potential environmental impacts of fungal-based brick. Thus, a LCA was conducted for a fungal-based composite brick at the lab scale as well as at the industrial scale. According to the results, the considered impacts are mainly driven by electricity and the agricultural products rye and hemp shives, whereas an industrial scale can decrease energy consumption in particular. Since the industrial-scale analysis is based on several assumptions, the underlying primary data collection should be included in a pursuing study to achieve a more precise assessment.



The LCA analysis further shows a reduction in most impact categories compared to common building bricks. This leads to the presumption that the use of industrially produced fungal-based products as a substitute for previously used building materials might reduce the environmental footprint. However, since many agricultural products are used for production, the study shows an increase in land use and eutrophication. Agricultural products, however, offer the potential for biodegradability and reusability of fungal-based bricks. Recycling as well as durability should therefore be studied in the future, including carrying out a cradle-to-cradle analysis considering the use and end-of-life phase. Additional, alongside the environmental dimension, the economic and social dimensions also should be included in further studies to account for all sustainability aspects.







Author Contributions


Conceptualization, L.S., F.H. and V.B.; data curation, L.S., F.H. and B.S.; formal analysis, F.H. and V.B.; funding acquisition, V.M.; investigation, L.S. and F.H.; methodology, L.S., F.H. and V.B.; resources, V.M. and M.F.; supervision, V.B., V.M. and M.F.; validation, L.S., F.H., V.B. and M.F.; visualization, L.S., F.H. and V.B.; writing—original draft, L.S., F.H., V.B. and B.S.; writing—review and editing, L.S., F.H., V.B., B.S., S.P., V.M. and M.F. All authors have read and agreed to the published version of the manuscript.




Funding


This project was partly funded by the TU Citizen Science project “Mind the Fungi” granted to V.M.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


We acknowledge support by the Open Access Publication Fund of TU Berlin.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pleszczyńska, M.; Lemieszek, M.K.; Siwulski, M.; Wiater, A.; Rzeski, W.; Szczodrak, J. Fomitopsis betulina (formerly Piptoporus betulinus): The Iceman’s polypore fungus with modern biotechnological potential. World J. Microbiol. Biotechnol. 2017, 33, 83. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



ZVNDER Vegane und Nachhaltige Produkte aus dem Zunderschwammbaumpilz-FUNGISKIN. Available online: https://www.zvnder.com/ (accessed on 14 April 2021).

	



Mycelium Leather: The Ultimate Guide—Mylo Stories. Available online: https://www.mylo-unleather.com/stories/mycelium-leather/ (accessed on 26 May 2021).

	



NEFFA|Growing the Future of Fashion. Available online: https://neffa.nl/ (accessed on 14 April 2021).

	



Meyer, V.; Basenko, E.Y.; Benz, J.P.; Braus, G.H.; Caddick, M.X.; Csukai, M.; de Vries, R.P.; Endy, D.; Frisvad, J.C.; Gunde-Cimerman, N.; et al. Growing a circular economy with fungal biotechnology: A white paper. Fungal Biol. Biotechnol. 2020, 7, 5. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Cerimi, K.; Akkaya, K.C.; Pohl, C.; Schmidt, B.; Neubauer, P. Fungi as source for new bio-based materials: A patent review. Fungal Biol. Biotechnol. 2019, 6, 17. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ecovative Design. Available online: https://ecovativedesign.com/ (accessed on 25 January 2020).

	



mogu|Radical by Nature. Available online: https://mogu.bio/ (accessed on 14 April 2021).

	



MycoWorks. Available online: https://www.mycoworks.com/ (accessed on 25 January 2020).

	



Mycotech Lab—Mycotech. Available online: https://mycl.bio/ (accessed on 14 April 2021).

	



Adamatzky, A.; Ayres, P.; Belotti, G.; Wösten, H. Fungal architecture. arXiv 2019, arXiv:1912.13262. [Google Scholar]

	



El Monolito Micelio—Jonathan Dessi-Olive. Available online: https://jdovaults.com/El-Monolito-Micelio (accessed on 26 May 2021).

	



Huang, L.; Krigsvoll, G.; Johansen, F.; Liu, Y.; Zhang, X. Carbon emission of global construction sector. Renew. Sustain. Energy Rev. 2018, 81, 1906–1916. [Google Scholar] [CrossRef] [Scilit]

	



Dorffmeister, L. Europäischer Bausektor: Aufschwung verliert bis 2020 spürbar an Kraft–Ausgewählte Ergebnisse der EUROCONSTRUCT-Sommerkonferenz 2018. IFO Schnelld. 2018, 71, 61–68. [Google Scholar]

	



Cabeza, L.F.; Rincón, L.; Vilariño, V.; Pérez, G.; Castell, A. Life cycle assessment (LCA) and life cycle energy analysis (LCEA) of buildings and the building sector: A review. Renew. Sustain. Energy Rev. 2014, 29, 394–416. [Google Scholar] [CrossRef] [Scilit]

	



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. [Google Scholar] [CrossRef] [Scilit]

	



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. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



DIN EN 771-1-2015-11-Beuth.de. Available online: https://www.beuth.de/de/norm/din-en-771-1/232406026 (accessed on 30 April 2021).

	



ISO 14044. Environmental management—Life Cycle Assessment—Requirements and Guidelines (EN ISO 14044:2006); International Organization for Standardization: Geneva, Switzerland, 2006. [Google Scholar]

	



ISO 14040. International Standard—Environmental Management—Life Cycle Assessment—Principles and Framework; International Organization for Standardization: Geneva, Switzerland, 2006. [Google Scholar]

	



Meyer, V.; Schmidt, B.; Pohl, C.; Cerimi, K.; Schubert, B.; Weber, B.; Neubauer, P.; Junne, S.; Zakeri, Z.; Rapp, R.; et al. Mind the Fungi; Universitätsverlag der Technischen Universität: Berlin, Germany, 2020; ISBN 9783798331693. [Google Scholar]

	



CML—Department of Industrial Ecology. CML-IA Characterisation Factors; Institute of the Faculty of Science of Leiden University: Leiden, The Netherlands, 2021. [Google Scholar]

	



Guinée, J.B.; Gorrée, M.; Heijungs, R.; Huppes, G.; Kleijn, R.; de Koning, A.; van Oers, L.; Sleeswijk, A.W.; Suh, S.; de Haes, H.A.U.; et al. Handbook on Life Cycle Assessment. Operational Guide to the ISO Standards. I: LCA in Perspective. IIa: Guide. IIb: Operational annex. III: Scientific background; Leiden University: Leiden, The Netherlands, 2002. [Google Scholar]

	



Bach, V.; Finkbeiner, M. Approach to qualify decision support maturity of new versus established impact assessment methods—demonstrated for the categories acidification and eutrophication. Int. J. Life Cycle Assess. 2017, 22, 387–397. [Google Scholar] [CrossRef] [Scilit]

	



Joint Research Centre International Reference Life Cycle Data System (ILCD) Handbook- Recommendations for Life Cycle Impact Assessment in the European context; Joint Research Centre: Ispra, Italy, 2011.

	



European Commission. Product Environmental Footprint Category Rules Guidance—Version 6.3; European Commission: Brussels, Belgium, 2018. [Google Scholar]

	



Beck, T.; Bos, U.; Wittstock, B.; Baitz, M.; Fischer, M.; Sedlbauer, K. LANCA® Land Use Indicator Value Calculation in Life Cycle Assessment—Method Report; Fraunhofer Verlag: Stuttgart, Germany, 2010. [Google Scholar]

	



Bos, U.; Horn, R.; Back, T.; Lindner, J.P.; Fischer, M. LANCA Characterization Factors for Life Cycle Assessment—Version 2.0; Fraunhofer Verlag: Stuttgart, Germany, 2016. [Google Scholar]

	



Bos, U.; Maier, S.D.; Horn, R.; Leistner, P.; Finkbeiner, M. A GIS based method to calculate regionalized land use characterization factors for life cycle impact assessment using LANCA®. Int. J. Life Cycle Assess. 2020, 25, 1259–1277. [Google Scholar] [CrossRef] [Scilit]

	



Boulay, A.-M.; Bare, J.; Benini, L.; Berger, M.; Lathuillière, M.J.; Manzardo, A.; Margni, M.; Motoshita, M.; Núñez, M.; Pastor, A.V.; et al. The WULCA consensus characterization model for water scarcity footprints: Assessing impacts of water consumption based on available water remaining (AWARE). Int. J. Life Cycle Assess. 2018, 23, 368–378. [Google Scholar] [CrossRef] [Scilit]

	



Huijbregts, M.A.J.; Steinmann, Z.J.N.; Elshout, P.M.F.; Stam, G.; Verones, F.; Vieira, M.; Zijp, M.; Hollander, A.; van Zelm, R. ReCiPe2016: A harmonised life cycle impact assessment method at midpoint and endpoint level. Int. J. Life Cycle Assess. 2017, 22, 138–147. [Google Scholar] [CrossRef] [Scilit]

	



Goedkoop, M.; Heijungs, R.; Huijbregts, M.; De Schryver, A.; Struijs, J.; Zelm, R. Van ReCiPe 2008 A life cycle impact assessment method which comprises harmonised category indicators at the midpoint and the endpoint level. Potentials 2009. [Google Scholar] [CrossRef] [Scilit]

	



Sphera Solutions GmbH. Thinkstep GaBi Product Sustainability Software; Sphera Solutions GmbH: Hauptstrasse, Germany, 2016. [Google Scholar]

	



PRé Sustainability. Ecoinvent Ecoinvent Database; PRé Sustainability: Amersfoort, The Netherlands, 2016. [Google Scholar]

	



Kunze, W. Technologie Brauer & Mälzer, 9th ed.; Versuchs- und Lehranstalt für Brauerei: Berlin, Germany, 2007; ISBN 3921690560. [Google Scholar]

	



Sphera Solutions GmbH. Sphera GaBi Product Sustainability Software; Sphera Solutions GmbH: Hauptstrasse, Germany, 2021. [Google Scholar]

	



Aktuelle Strohpreise—Strohpreis.de. Available online: https://www.strohpreis.de/ (accessed on 13 June 2021).

	



Mengen und Preise. Ernte 2019; Bundesministerium für Ernährung und Landwirtschaft: Berlin, Germany, 2019. [Google Scholar]

	



Berger, M.; Pfister, S.; Bach, V.; Finkbeiner, M. Saving the Planet’s Climate or Water Resources? The Trade-Off between Carbon and Water Footprints of European Biofuels. Sustainability 2015, 7, 6665–6683. [Google Scholar] [CrossRef] [Scilit]

	



Tassielli, G.; Renzulli, P.A.; Castellani, V.; Sala, S. Environmental impacts of food consumption in Europe. J. Clean. Prod. 2017, 140, 753–765. [Google Scholar] [CrossRef] [Scilit]

	



Hasler, K.; Bröring, S.; Omta, S.W.F.; Olfs, H.-W. Life cycle assessment (LCA) of different fertilizer product types. Eur. J. Agron. 2015, 69, 41–51. [Google Scholar] [CrossRef] [Scilit]

	



Energy-Charts. Available online: https://energy-charts.info/charts/energy_pie/chart.htm?l=en&c=DE&interval=year&year=2020 (accessed on 4 May 2021).

	



Hui, L.; Jianwei, L.; Tao, R.; Xiaokun, L.; Rihuan, C. Nutrient Efficiency of Winter Oilseed Rape in an Intensive Cropping System: A Regional Analysis. Pedosphere 2017, 27, 364–370. [Google Scholar]

	



Bach, V.; Berger, M.; Finogenova, N.; Finkbeiner, M. Assessing the Availability of Terrestrial Biotic Materials in Product Systems (BIRD). Sustainability 2017, 9, 137. [Google Scholar] [CrossRef] [Scilit]

	



United Nations Environment Programme. Guidelines for Social Life Cycle Assessment of Products and Organizations 2020; United Nations Environment Programme: Nairobi, Kenya, 2020. [Google Scholar]

	



Xiong, S.; Martín, C.; Eilertsen, L.; Wei, M.; Myronycheva, O.; Larsson, S.H.; Lestander, T.A.; Atterhem, L.; Jönsson, L.J. Energy-efficient substrate pasteurisation for combined production of shiitake mushroom (Lentinula edodes) and bioethanol. Bioresour. Technol. 2019, 274, 65–72. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Trockenraum SDR Serie|Der Begehbare Trockenraum. Available online: https://www.superdry-totech.de/trockenraum-sdr-serie-technischer-ueberblick/ (accessed on 21 February 2020).

	



Normalbeton. Available online: https://www.baunetzwissen.de/beton/fachwissen/betonarten/normalbeton-150994 (accessed on 4 May 2021).

	



Stoffwerte. Available online: https://www.kalksandstein.de/bv_ksi/stoffwerte?page_id=13102 (accessed on 4 May 2021).

	



Klinker|Klinkerkultur. Available online: https://www.klinkerkultur.de/glossary/klinker/ (accessed on 4 May 2021).








[image: Sustainability 13 11573 g001] 





Figure 1. Composite bricks based on F. fomentarius grown on hemp shives. 
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Figure 2. Process flow diagram for all four cultivation steps including all inputs to the system. The process system is divided into four major sub steps: 1. pre-culture, 2. grain culture, 3. substrate culture, and 4. molding. 
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Figure 3. Results of one hemp shive composite brick for the impact assessment categories (a) acidification, (b) eutrophication, (c) climate change, (d) land use, (e) water scarcity;(f) smog. 
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Figure 4. Differences of rapeseed straw-based brick and poplar wood chips-based brick compared to hemp shive composite brick over Production Step 3, substrate culture, for the categories (a) acidification and (b) eutrophication. 
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Figure 5. Comparison of results of lab-scale and industrial-scale produced hemp shive composite bricks, shown in percent. 
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Figure 6. Comparison of fungal-based composite brick in lab scale and industrial scale-up with conventionally used bricks in construction: concrete bricks, sand-lime bricks, and facing bricks. 
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Table 1. Impact categories with corresponding characterization factor, category indicator, unit, and applied method.
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Impact Category

	
Characterization Factor

	
Category Indicator

	
Unit

	
Applied Method






	
Climate change

	
Global warming potential (GWP100)

	
Radiative forcing

	
kg CO2 equivalents

	
CML [22,23]




	
Acidification

	
Acidification potential (AP)

	
Acidification deposition

	
kg SO2 equivalents




	
Eutrophication

	
Eutrophication potential (EP)

	
Deposition N/P

	
kg PO43− equivalents




	
Photochemical ozone creation (smog)

	
Photochemical ozone creation potential (POCP)

	
Tropospheric ozone concentration increase

	
kg NOx equivalents

	
ReCiPe [31,32]




	
Land use

	
Soil quality potential (SQP)

	
Soil quality index, biotic production, erosion resistance, mechanical filtration, groundwater replenishment

	
dimensionless

	
LANCA [27,28,29]




	
Water scarcity

	
User deprivation potential (UDP)

	
deprivation-weighted water consumption

	
m3 world equivalents

	
AWARE [30]











 





Table 2. Used materials and processes with the required amounts for the production of one fungal-based composite brick, including the applied datasets.
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Culture

	
Material/Process

	
Amount

	
Dataset






	
Pre-Culture

	
Petri dish

	
0.776 g

	
EU-28 General purpose polystyrene




	
Petri dish—end of life

	
0.776 g

	
DE: Polystyrene (PS) in waste incineration




	
Petri dish forming

	
0.00279 MJ

	
DE: Electricity grid mix




	
0.00279 MJ

	
DE: Thermal energy from natural gas




	
Gloves

	
0.546 g

	
DE: Nitril butadiene rubber




	
Gloves - end of live

	
0.55 g

	
DE: Commercial waste in municipal waste incineration plant




	
Medium

	
0.0041 g

	
DE: Barley production *




	
0.00235 g

	
DE: Glycerin by-product rapeseed




	
0.0128 g

	
DE: dried starch




	
0.0675 g

	
EU-28: Gelatine from pork skin




	
0.001 L

	
EU-28: Water deionized




	
Sterilization

	
0.0751 MJ

	
DE: Electricity grid mix




	
Incubation

	
0.0008 MJ

	
DE: Electricity grid mix




	
Grain Culture

	
Grain mix

	
20 g

	
CH: Rye grain, fed production, organic *




	
20 g

	
DE: Gypsum stone




	
0.02 L

	
DE: Water (desalinated; deionized)




	
Transport

	
0.0297 g

	
GLO: Truck, Euro 5, 14–20 t gross weight/11.4 t payload capacity

DE: Diesel mix at refinery




	
Sterilization

	
0.288 MJ

	
DE: Electricity grid mix




	
Incubation

	
0.0152 MJ

	
DE: Electricity grid mix




	
Substrate Culture (hemp shives)

	
Substrate bags

	
14.3 g

	
DE: Polypropylene-Film (PP) without additives




	
Substrate bags—end of life

	
14.3

	
DE: Polypropylene (PP) in waste incineration plant




	
Hemp straw

	
304 g

	
DE: Hemp straw cultivation with catch




	
Substrate mix hydration

	
0.456 L

	
DE: Water (desalinated; deionized)




	
13.7 g

	
DE: Wheat white flour




	
Transport

	
0.452 g

	
GLO: Truck, Euro 5, 14–20 t gross weight/11.4 t payload capacity

DE: Diesel mix at refinery




	
Sterilization

	
0,86 MJ

	
DE: Electricity grid mx




	
Incubation

	
0.03 MJ

	
DE: Electricity grid mx




	
Substrate culture (rapeseed straw)

	
Rapeseed straw

	
228 g

	
DE: Rapeseeds (field boarder)




	
Substrate mix hydration

	
0.342 L

	
DE: Water (desalinated; deionized)




	
10.28 g

	
DE: Wheat white flour




	
Transport

	
0.339 g

	
GLO: Truck, Euro 5, 14–20 t gross weight/11.4 t payload capacity

DE: Diesel mix at refinery




	
Substrate culture (poplar wood chips)

	
Poplar wood chips

	
456 g

	
CH: Wood chips production, softwood, at sawmill *




	
Substrate mix hydration

	
0.684 L

	
DE: Water (desalinated; deionized)




	
20.52 g

	
DE: Wheat white flour




	
Transport

	
0.677 g

	
GLO: Truck, Euro 5, 14–20 t gross weight/11.4 t payload capacity

DE: Diesel mix at refinery




	
Molding

	
Foil

	
1.91 g

	
DE: Polyethylene film




	
Foil—end of life

	
1.91 g

	
DE: Polyethylene (PE) in waste incineration plant




	
Incubation

	
0.013 MJ

	
DE: Electricity grid mix




	
Drying

	
1.28 MJ

	
DE: Electricity grid mix








* ecoinvent datasets.













 





Table 3. Resulting quantities of one hemp shive composite brick for the impact assessment categories of acidification, eutrophication, climate change, land use, water scarcity, and smog for all four production steps and in total.
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	Characterization Factor
	Pre-Culture
	Grain Culture
	Substrate Culture
	Moulding
	Total





	Acidification (kg SO2 eq.)
	2.41 × 10−5
	2.72 × 10−4
	3.63 × 10−4
	2.80 × 10−4
	9.39 × 10−4



	Eutrophication (kg PO43− eq.)
	4.13 × 10−6
	2.45 × 10−4
	3.04 × 10−4
	4.98 × 10−5
	6.02 × 10−4



	Climate change (kg CO2 eq.)
	1.81 × 10−2
	5.68 × 10−2
	2.10 × 10−1
	2.09 × 10−1
	4.94 × 10−1



	Land use (kg Pt eq.)
	8.10 × 10−2
	5.76 × 10−1
	1.74 × 10+1
	1.29 × 100
	1.93 × 10+1



	Water scarcity (m3 world eq.)
	1.10 × 10−3
	6.59 × 10−3
	9.42 × 10−3
	4.98 × 10−3
	2.21 × 10−2



	Smog (kg NOx eq.)
	1.91 × 10−5
	1.02 × 10−4
	2.46 × 10−4
	2.16 × 10−4
	5.83 × 10−4










 





Table 4. Differences between composite bricks based on rapeseed straw or poplar wood chips compared to composite bricks based on hemp shives in the considered categories.
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Impact Category

	
Differences Compared to Hemp Shives Composite Brick over the Entire Production (in %)




	
Rapeseed Straw-Based Brick

	
Poplar Wood Chips-Based Brick






	
Acidification

	
33.37%

	
−7.56%




	
Eutrophication

	
21.14%

	
−49.40%




	
Land use

	
−17.31%

	
31.29%




	
Climate change

	
2.19%

	
0.61%




	
Water scarcity

	
0.31%

	
6.35%




	
Smog

	
−2.79%

	
0.01%
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