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Abstract

:

The use of food waste as feedstock in the manufacture of high-value products is a promising avenue to contribute to circular economy. Considering that the majority of environmental impacts of products are determined in the early phases of product development, it is crucial to integrate life cycle assessment during these phases. This study integrates environmental considerations in the development of solid-state fermentation based on the cultivation of N. intermedia for the production of a fungal food product using surplus bread as a substrate. The product can be sold as a ready-to-eat meal to reduce waste while generating additional income. Four inoculation scenarios were proposed, based on the use of bread, molasses, and glucose as substrate, and one scenario based on backslopping. The environmental performance was assessed, and the quality of the fungal product was evaluated in terms of morphology and protein content. The protein content of the fungal food product was similar in all scenarios, varying from 25% to 29%. The scenario based on backslopping showed the lowest environmental impacts while maintaining high protein content. The results show that the inoculum production and the solid-state fermentation are the two environmental hotspots and should be in focus when optimizing the process.
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1. Introduction


In food production, extensive resources such as water, land, energy and nutrients are used with significant impact to the environment. It is forecasted that by 2050, the demand for agricultural products will increase by 35–50% due to a growing population and rising incomes, leading to higher pressure on the environment [1]. The problem is aggravated by the significant wastage of food throughout the supply chain. The wastage of food represents not only the loss of the product itself, but also all the resources used in food production, transportation and packaging.



The provision of animal-based protein generally has a higher environmental impact compared with vegetable or fungi-based proteins [2]. Concerns regarding the ethical and environmental implications of meat consumption have increased the demand for meat substitutes, such as those based on legumes and fungi [3]. Recently, the use of filamentous fungi as a commercial food product has gained considerable attention, due to its high protein content, the presence of essential amino acids and easy digestibility [4,5]. Filamentous fungi have traditionally been used by different societies as food, e.g., tempeh and oncom are indigenous staple foods in Indonesia [6,7]. One example of a product currently sold in the European market is Quorn™, which is made from the filamentous fungus Fusarium venenatum cultivated in synthetic medium with glucose, ammonium and mixed with egg albumen [8]. One problem with this product is the high cost of the cultivation medium [4]. Moreover, Smetana et al. [9] performed an environmental assessment of a similar product based on mycoprotein cultivated in molasses and concluded that the substrate is an environmental hotspot in the system. Therefore, it is relevant to consider other types of substrates to decrease production costs and environmental impacts.



One alternative substrate for fungal cultivation is surplus bread. The valorisation of food surplus into high-value products has gained interest as part of the strategies of transition to a bio-based economy grounded on a sustainable use of resources. Bread is rich in carbohydrates and its porosity makes it an ideal substrate for fungal cultivation [6,10]. Moreover, bread is a product with high waste generation, particularly at the level of the consumer and at the supplier-retailer interface. In the UK, it was estimated that 10% of all food waste are bakery products [11]. Brancoli et al. [12] studied food waste from retailers in Sweden and concluded that bread is a product category with large environmental impacts and economic costs [12]. In Sweden, the quantity of bread waste generated was estimated to be 80,410 tons/year, of which 28,200 tons/year are generated at the retail level [13]. The large waste volumes of uniform composition and quality, and the distribution model in which bread is sold makes it a good substrate for manufacturers who strive for stable delivery of raw materials.



There are mainly two different categories of bread, bake-off and pre-packaged. The technology proposed in this article can be used for both categories. Bake-off are products baked from pre-made dough in supermarkets or by a bakery. Pre-packaged bread is produced by the bakeries, and in some countries, it is often sold to retailers under takeback agreements (TBAs) [13,14,15]. In such agreements, the bakeries collect the bread that is not sold in the supermarkets, and here, bread waste is segregated from other food waste fractions from the retailers. This enables alternative pathways for the waste management and valorisation of the unsold bread. These pathways should preferably be located at higher levels in the food waste hierarchy, such as the production of fungal biomass for food, ethanol or animal feed [16,17]. Nevertheless, it is necessary to ensure that such technologies are sustainable and that they minimize the use of natural resources and the generation of waste as well as emissions of pollutants over their life cycles.



The life cycle assessment (LCA) methodology can be used to assess the environmental performance of a product to ensure its sustainability. The methodology can also be applied to support the early design stages in the development of the product by assessing the implication of design choices on the environmental performance of the technology [18]. Such studies are crucial since they can identify and prevent environmental impacts before the technology has been embedded by path dependency and lock-in [19]. Decisions made in the early stages of product development can have a significant influence on its subsequent environmental impacts. McAloone and Bey [20] estimated that 80% of the environmental performance of a product is determined by decisions made in the early stages of the technology development. For this reason, the European Union [21] recommends the use of LCA in product development to guarantee its sustainability.



Research on life cycle assessment of valorisation of bread waste is primarily focused on the lower stages of the food waste hierarchy. Few studies address bread waste valorisation into high-value products. Moreover, most of the research focuses on technologies with high technology readiness levels. Previous studies have investigated the environmental performance of bread waste management and valorisation alternatives, such as anaerobic digestion and incineration [22], conversion into biofuels [17], animal feed [17,23], and value-added chemicals [24]. There is a large body of research on the development of new technologies to valorise bread to high value products [6,25,26], but most of this research does not integrate lifecycle thinking into the early stages of the process development, increasing the risk for sub optimization of the technology.



The aim of this study was to integrate environmental considerations in the early stages of the development of a solid-state fermentation (SSF) process using bread as feedstock for the production of a protein-rich food product. The SSF process is proposed to be implemented as a stand-alone business, or on-site in small-scale bakeries to recover their otherwise discarded surplus bread. The technology can also be implemented in supermarkets that have a fresh bakery department in house, i.e., supermarkets that bake their own bread. The food product can be sold as a ready-to-eat meal directly to customers to reduce waste while generating additional income from the fungal product and provide a new sustainable food alternative that can replace other less sustainable options.



The goal of this study is to support the technology developers during the design and development phases by assessing the environmental sustainability of a range of possible scenarios in which the technology can operate. This will enable a better understanding of the relation between design choices and the environmental performance of the technology, as well as allow the steering of the technology towards solutions with a lower environmental impact. Moreover, research on fungal growth patterns in solid-state cultures are limited and this study investigates whether morphological differences of the inoculation culture influence the performance in the subsequent SSF step.




2. Materials and Methods


The process development was iterative and used the concept of proxy technology transfer-process [27], which considers that emerging technologies are not often based on completely new processes. Instead, it relies on a new application of existing technologies. The development of the process started with the assessment of an incumbent technology, namely the production of mycoprotein cultivated in molasses to identify hotspots in the system. The first results were then communicated to the researchers involved in the process development, starting an iterative approach wherein the hotspots in the system are identified and alternatives were proposed and assessed. In total, four different scenarios for the inoculation were proposed and compared in relation to the environmental performance and characteristics of the final product, such as protein content and morphology. A detailed description of the scenarios is available in Section 2.1.



2.1. Process Description


The basic steps in the process are the drying and grinding of the bread, mixing with water and the starter spores (inoculum), and fermentation. The later processes after fermentation, such as frying, and freezing for later consumption are excluded in the study (Figure 1).



2.1.1. Substrate and Fungus


Steinbrenner & Nyberg (Mölndal, Sweden) kindly provided unsold fresh sourdough bread that showed no signs of mould contamination. The bread was prepared according to the process described in Gmoser et al [25]. Samples were autoclaved and stored in airtight containers at room temperature prior to use. The edible food grade filamentous fungus Neurospora intermedia CBS 131.92 (Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands) was used. The fungus was maintained on potato dextrose agar (PDA) plates containing 20 g/L glucose 20, 15 g/L agar and 4 g/L potato extract. The PDA plates were prepared by incubation for 5 days at 30 °C followed by storage at 4 °C. The spore solution was prepared by flooding each plate with 20 mL of distilled water, using a disposable plastic spreader to gently release the spores and transferring them to a sterile slant tube. The spore solution (2.5 × 106 spores/mL) was used to prepare the four different inoculations (one for each of the scenarios). A detailed description of the conditions of fermentation is given in Section 2.1.3.




2.1.2. Design of the Inoculation


The choice of the nutrient source was based on existing technologies. The inoculum for Scenario I is produced in a similar way to the inoculum production for tempeh as described in Wiloso et al. [28], but instead of using white rice or other grains, it is based on stale bread. Production of the inoculum for Scenario II, which is based on a similar process to cultivate yeast [29], used a synthetic medium based on molasses and ammonium chloride. Scenario III is based on glucose, and it was adapted from Jungbluth et al. [30], which describes the production of mycoprotein for Quorn™ (Table 1).



The three submerged fermentation (SmF) processes (Scenarios I, II and III) were inoculated with 10 mL/L of the spore solution, cultivated aerobically for 48 h in cotton plugged 250 mL Erlenmeyer flasks containing 100 mL of medium autoclaved at 121 °C for 20 min. The initial pH of the medium was adjusted to 5.5 with 2 M HCl or NaOH. The different medium compositions are summarized in Table 1. A water bath (Grant OLS-Aqua pro, Cambridge, UK) was used to maintain the temperature with orbital shaking at 125 rpm (radius of 9 mm) for 48 h. At the end of the fermentation, the wet biomass from each shake flask was harvested by pouring the cultivation medium through a 1 mm2 pore area fine mesh and washed with distilled water. The liquid fraction was collected separately and frozen for further analysis. The moisture content of the fungal biomass was measured gravimetrically and sieved wet biomass was used directly as inoculum for the solid-state fermentation step.



Scenario IV relies on the recirculation (backslopping) of part of the fermented product from a previous batch as the inoculum. The solid-state fermentation (SSF) on stale bread used as inoculum was prepared according to the SSF process below, except that 0.5 mL of spore solution was used as inoculum instead. Based on an assumption that the fungal fermented final product contained 35% fungal biomass, with a moisture content of 60%, in the substrate-fungal matrix after 5 days of solid-state fermentation [25], the amount needed for backslopping was set to 0.01% dry weight of the substrate.




2.1.3. Solid State Fermentation


Cultivation of N. intermedia was conducted in sterile petri dishes (100 mm × 20 mm). A total dry weight of 15 g breadcrumbs was inoculated with N. intermedia separately for each petri dish. The initial moisture content was adjusted to 40% (on a dry basis (w/w, db) with distilled water, after which each sample was mixed evenly, and a lid was placed on the petri dish. Solid-state fermentation was conducted batch wise for 2–10 days in a climatic test cabinet (NUVE test cabinet TK 120, Ankara, Turkey) at 90%–95% relative humidity (Rh) ± 1%, at 35 °C under light. The light source was applied to increase pigment production in the fungal biomass in order to form a visually appealing product with improved nutritional value [6,25]. The petri dishes were flipped every second day. At the end of fermentation, samples were dried at 45 °C. Effects of days of fermentation on the final weight and protein content in the fungal-bread product were investigated as well as a visual observation on morphology after the SmF step.





2.2. Analyses


The fungal spore concentration was determined using a Bürker counting chamber. The final moisture content, the amount of fungal biomass harvested after SmF, and fungal-bread product used as inoculum in Sc. IV were determined gravimetrically. Preparation of samples and measurement of the protein content by Kjeldahl digestion using a 2020 Kjeltec Digestor and a 2400 Kjeltec Analyser unit (FOSS Analytical A/S, Hilleröd, Denmark) was performed following the same procedure as in Gmoser et al. [25]. Total starch analysis was accomplished by α-amlylase/amylogluco-sidase/hexokinase method following the procedure provided in the Total Starch HK Assay Kit (Megazyme International Ltd., Bray, Ireland).




2.3. Statistical Analysis


Experiments on the SSF were performed in duplicate (n = 2) and two analytical replicates were performed on each batch (a = 2). Values present the mean value of the measurement ± SD. Raw data were statistically analysed using the software package MINITAB®® (version 17.1.0, Minitab Inc., State College, PA, USA). Analysis of variance (ANOVA) was determined using general linear model with a 95% confidence level followed by Tukey’s multiple comparison test. A linear factorial regression model of the data was also conducted with the four inoculation methods as factor levels and days of SSF (2–8 days) as continuous control with protein concentration as output.




2.4. Life Cycle Assessment


The functional unit for the environmental assessment is 1 kg of fermented fungal product after the fermentation step. The selection of a mass unit was connected with the ability to compare results with those available in the literature. The system boundaries are cradle-to-gate as described in Section 2.1. The geographical scope is Sweden. The characterization method ReCiPe (ReCiPe 2016 v1.1 midpoint and endpoint methods, Hierarchist version) [32], was used due to its broad set of midpoint impact categories and the possibility of using both midpoint and endpoint methods [32].



The inventory was built using primary data flows from the laboratory experiments, which were initially based on data from the literature [28,29,30,33,34] and further developed based on the results from the trial experiments. The energy consumption of the equipment was estimated based on the methodology described in Piccinno et al. [35] for scaling up laboratory data. Capital goods are not included in the inventory, as all scenarios are expected to use similar equipment. The ecoinvent database version 3.6 was used for the background processes. Inventory data for the scenarios is available in Table 1.





3. Results


This section describes the experimental results of the solid-state fermentation, in relation to the increase of the protein content over time and the morphology of the inoculum. Moreover, the result for the life cycle assessment is presented.



3.1. Experimental Results


There is a significant difference in protein content of the final fungal product after SSF for the different inoculation methods (p value 0.00). The inoculation scenario using molasses (Sc. II) resulted in a higher protein content after SSF compared to glucose (Sc. III), with no significant difference between Scenarios I and IV. The inoculum scenario based on glucose medium (Sc. III) also resulted in a longer lag phase and slower initial exponential growth, possibly due to change in substrate during SSF, while N. intermedia grown on bread (Sc. I) and molasses (Sc. III) was in a more active phase, adapted to bread as substrate and hypothetically, already producing enzymes for complex carbohydrate assimilation, when applied to the SSF step. However, considering the natural variation in biological systems, the relatively small differences between the inoculation methods do not contribute with sufficient support for choosing one scenario over the other.



As expected, the protein content increased over time for all four groups, with a significant increase over every second day (p value = 0.00) (Figure 2). The highest increase in protein content happened between day four and six for all inoculation methods based on SmF, varying between 38%, 49% and 51%, for Scenarios I, II and III respectively. Inoculum based on backslopping resulted in a slightly higher increase in protein content between day two and four (39% increase) compared to the other days. The linear regression equations of the four inoculation methods revealed that SmF based on molasses gave the highest average protein increase per day of 4.0, compared to SmF based on bread, backslopping and SmF based on glucose of 3.6%, 3.4% and 3.2% increase per day respectively (consider a 6.6% lack of fit of the model). By comparing the linear regression equations, it can be seen that the daily increase based on glucose medium is only slightly offset in x-axis (timescale), whereas the protein value reaches approximately the same amount as the other inoculation methods after 8 days SSF.



The fungal morphology in the SmF based on molasses medium (Sc. II) resulted in fine, dense pellets, whereas the other SmF cultures resulted in loose filamentous mycelium. SSF based on inoculum from molasses medium gave the highest mean percentage of protein.




3.2. Life Cycle Assessment


The relative results for five selected impact assessment categories for the scenarios and separately for the inoculum production process are presented in Figure 3 and Figure 4, respectively. The impact categories described in Figure 3 and Figure 4 are global warming, terrestrial acidification, freshwater eutrophication, marine ecotoxicity and fossil resource scarcity. The results for the remaining thirteen impact categories available in the ReCiPe characterization method [32] is available in Table 2.



Figure 3 indicates that the fermentation step and the choice of inoculum production has a large influence on the environmental burdens associated with the fermented fungal product.



The production of inoculum had a contribution higher than 40% in 9 out of 18 impact categories assessed in both Sc. II and Sc. III. More specifically, the carbon source used for the inoculum production for these scenarios is a hotspot, as shown in more detail in Figure 4. In Scenario I the inoculation has a relatively lower contribution, ranging from 20% to 29%. The reason is that it uses stale bread as the carbon source, which is modelled as waste and therefore burden free.



The results indicate that Scenario IV, which is based on backslopping, has the lowest environmental impacts in all of the eighteen categories assessed, followed by Scenario I. Both scenarios substituted glucose or molasses for stale bread, significantly reducing the environmental impacts on the inoculum production. Scenarios II and III had the worst performance in the categories assessed. Scenario II had the worst performance in five impact categories, while Scenario III had the highest impact in 12 environmental impact categories (Table 2).



The solid-state fermentation is also a hotspot, and it contributes significantly to the majority of the impact categories. These impacts are related to the electricity consumption during the process, as shown in Table 1. The impact is the same for all scenarios, but it has a different relative contribution as shown in Figure 3. Overall, the fermentation step, drying of bread and the inoculation were identified as hotspots in the production of the fungal product (Figure 3).



Figure 4 shows the detailed impact assessment for the different inoculation methods. Sc. IV has no contribution from the inoculum production since it is obtained from backslopping. This assumes that the contribution of the initial inoculum required to make the first batch of fungi is insignificant.



The results indicate that the carbon source used in the inoculum production is a hotspot in the majority of impacts categories in both Scenario II, which uses molasses and Scenario III, based on glucose (Figure 4). The carbon source is responsible for 36% and 51% of the impacts on the global warming impact category for Sc. II and Sc. III, respectively. In terrestrial acidification, the contribution is higher, 74% and 69% for Sc. II and Sc. III, respectively. Scenario I, conversely, uses stale bread as the carbon source, which is modelled as waste and is, therefore, burden-free.



Electricity consumption has a significant contribution for both the inoculum production and the overall process. The geographical scope is Sweden, which has a relatively low impact energy system. Therefore, the results of the study are sensitive to the energy mix used.





4. Discussion


The environmental impacts of a product are often determined by the decisions made at the early stages of development. For this reason, the development of the product should integrate environmental considerations to minimize the environmental impacts throughout its life cycle without compromising essential characteristics such as function, cost and quality. The estimation of environmental impact at this early stage is challenging due to the limited amount of information available, for example, the energy consumption in the processes. In contrast, the later stages in the product development provide more quantitative data but fewer opportunities to change the system.



Table 3 summarizes and ranks the main technical and environmental differences between the four scenarios studied here, namely the environmental impacts, protein content, lag phase and morphology. These aspects are critical to support the decision of the more suitable method for fungal biomass production using bread as substrate. The environmental impact ranking in Table 3 is based on the single score from ReCiPe endpoint (H) as available in the SimaPro software version 9.1.



Filamentous fungi grow in different morphological forms in submerged cultures, including freely suspended filamentous mycelia and pellets depending on the genotype of the strain and culture conditions [36]. The growth mode affects the rheological properties of the cultivation medium, and consequently, the overall process performance and final product yields. Generally, the excessive growth of free filamentous mycelia is connected to practical and technical difficulties, such as lower oxygen diffusion, laborious harvesting, high medium viscosity and a relative lower yield of products [37]. These problems associated with the filamentous morphology can be overcome when the fungi grow in the form of pellets, which also have a higher potential for cell reuse and higher productivity due to the possibility of using high-density cultivations [38]. However, including in the pellet form, critical characteristics such as size and compactness versus fluffiness can influence oxygen and substrate transfer rates. The trend in research works has been towards the production of small fluffy pellets. Among the scenarios assessed, only Scenario II grew in the pellet morphology. The slightly shorter lag phase in Scenario II compared to Scenario III further promote this inoculation method since it promotes a faster initiation of the subsequent SSF step. Nevertheless, the environmental impact of Sc. II is significantly higher in comparison with Sc. I and IV (Table 3).



Scenario IV had the lowest environmental impact, and the protein content was sufficient for the intended use. However, one potential drawback with this method is the higher risk of contamination since it is more problematic to sustain a sterile condition at a larger scale when backslopping part of the final product as inoculum compared to inoculum using pure fungal biomass from SmF. Thus, microbiology analysis of the final product and industrial trials need to be assessed before this method can be applied.



Considering the weighted results at Table 3, Scenario I had an environmental impact that is 28% higher in comparison with Scenario IV, but the results indicate a lower impact in comparison with Scenarios II and III. Moreover, the main advantage of this scenario in comparison to Scenario IV is that it is less sensitive to contamination. Scenario I also yields filamentous mycelia morphology. However, further development of this scenario by changes in cultivation conditions such as pH and aeration can potentially alter the morphology.



The fermentation time is another important aspect influencing both the protein content and the environmental impacts of the final product. The results showed that the protein content for all scenarios reached similar values after 8 days of SSF. However, based on previous studies [6] on the visual appearance and smell of the final product, the SSF step should not be longer than a maximum of eight days and preferably six days if the protein content is sufficient for the intended purpose as food. A direct comparison of the environmental performance of this fungal product with established food products based on mycoprotein requires special attention due to scale-up issues and technology uncertainties inherent in the majority LCAs of products in an early stage of development [18]. Moreover, it is expected that the technology under assessment will need further development in relation to technical aspects and consumer’s acceptance.



Jungbluth et al. [30] reported an electricity consumption of 1.17 kWh and a heat consumption of 13 MJ for the industrial production of 1 kg of mycoprotein at plant. Smetana et al. [9] reported 6 kWh/kg of mycoprotein ready to eat. The electricity consumption in this study ranged from 2.61 to 2.64 kWh/functional unit for the different scenarios. Nevertheless, it is important to note that a direct comparison is not possible, due to differences in the system boundaries of each study. The system boundaries in this study and Jungbluth et al. [30] end at the plant gate, while Smetana et al. [9] consider the system boundaries until the consumer’s plate. There are also discrepancies in the technology readiness level between this study and Jungbluth et al. [30] in which inventory is based on an operational plant.



A huge advantage is that we now have an LCA model that can be used to get updated environmental impacts when the scenarios are adjusted to improve factors such as protein content, lag time and morphology. This allows for environmental impacts to be assessed throughout the development process.




5. Conclusions


The current analysis, which included different production pathways for the valorisation of stale bread into fungal biomass according to the environmental impacts, protein content, lag phase and morphology, indicated the potential use of the fungal biomass as a substitute for traditional food products. The technology proposed uses an abundant waste flow and has the potential to be implemented in supermarkets, small and medium-sized bakeries and industrial bakeries on its returned flows.



Technical and environmental analyses were performed to determine potential trade-offs of four proposed scenarios to valorise stale bread into a fungal based food product rich in protein. The results from the hotspot analysis indicate that the choice of the medium used in the inoculum production has a large influence on the environmental and technical performance. Inoculum production using molasses or glucose as medium, Sc. II and III respectively, are not preferred from an environmental perspective. Sc. I and Sc. IV, which uses surplus bread and backslopping, showed the lowest environmental impacts in all categories studied here, while maintaining important characteristics such as high protein content. Therefore, it is recommended that such alternatives should be further investigated for the technical feasibility of the process. Moreover, the hotspot analysis indicated that for all scenarios assessed, the fermentation step and drying of bread have a significant impact on the environmental burdens. Therefore, improvements aimed at environmental gains in the fungal biomass production should focus on alternatives for decreasing the fermentation time and consequently the electricity consumption, and on the development of alternative processes in which the drying of bread is not required.



None of the scenarios performed best in all of the parameters analysed. Therefore, it is not possible to draw a simple conclusion regarding the preferred scenario. The decision will ultimately be made according to the technical, environmental or economic agenda of the decision-makers. The contribution of this study is to highlight the trade-offs inherently involved in the decision process within the product development and to provide guidance for further development of the process.



Bread waste has the potential to be retained in the food chain by applying a SSF process using the edible fungus N. intermedia. The study has integrated environmental considerations into the early stages of the development of a fungal food product, showing which scenario has the best environmental performance and highlighting trade-offs and the parts of the process that are hotspots and should, thereby, be in focus when optimizing the process. This approach is suggested to contribute to a sustainable way to handle otherwise wasted bread, consistent with a circular economy, and it provides a broader base for the developers of the technology to make sustainable decisions during process optimisation.
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Figure 1. Basic process flow chart. The conditions of each process are described in brackets. The dotted box represents the system boundaries of the study. The further processing of the fungal biomass after fermentation is not included in the system boundaries. 
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Figure 2. Solid-state cultivation on stale sourdough bread using N. intermedia after 0–10 days cultivation under light at 35 °C, 90% Rh, and 40% initial moisture content using different inoculation methods: backslopping (black circle, dotted line), submerged fermentation with synthetic medium based on glucose (grey square, solid line), submerged fermentation based on molasses (black diamonds, dotted line) and submerged fermentation based on breadcrumbs (grey triangles, solid line). Results are expressed as the mean value ± 95% confidence level. 






Figure 2. Solid-state cultivation on stale sourdough bread using N. intermedia after 0–10 days cultivation under light at 35 °C, 90% Rh, and 40% initial moisture content using different inoculation methods: backslopping (black circle, dotted line), submerged fermentation with synthetic medium based on glucose (grey square, solid line), submerged fermentation based on molasses (black diamonds, dotted line) and submerged fermentation based on breadcrumbs (grey triangles, solid line). Results are expressed as the mean value ± 95% confidence level.
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Figure 3. Selected LCIA results for the scenarios for the fermented fungal product production. Sc. I uses bread as the carbon source. Sc. II uses molasses. Sc. III is based on glucose and Sc. IV relies on backslopping, as described in Table 1. 
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Figure 4. Selected LCIA results for the different inoculation production processes. Sc. I uses breadcrumbs as the carbon source. Sc. II uses molasses. Sc. III is based on glucose. 
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Table 1. Inventory analysis for the different scenarios for the production of the fermented fungal product per functional unit. The indented substances in italic refer to the inputs related to the production of the fungal biomass (inoculum) used for the inoculation.
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	Unit
	Scenario I
	Scenario II
	Scenario. III
	Scenario IV





	Inputs
	
	
	
	
	



	Bread
	kg
	2.0
	2.0
	2.0
	2.0



	Inoculum
	g
	10
	10
	10
	29 *



	Water
	l
	2.63
	1.81
	1.92
	-



	Glucose
	g
	-
	-
	38.50
	-



	NH4Cl
	g
	-
	16.28
	14.50
	-



	NaOH
	g
	-
	-
	0.62
	-



	Molasses
	g
	-
	0.36
	-
	-



	Bread
	g
	52.60
	-
	-
	-



	Electricity
	kWh
	0.065
	0.033
	0.033
	0.033



	Water for mixing
	l
	1.34
	1.34
	1.34
	1.34



	Electricity for drying
	kWh
	0.53
	0.53
	0.53
	0.53



	Electricity for grinding
	kWh
	0.024
	0.024
	0.024
	0.024



	Electricity for SSF
	kWh
	1.55
	1.55
	1.55
	1.55



	Outputs
	
	
	
	
	



	Fermented fungal product *
	kg
	1
	1
	1
	1







* Calculation based on the mass balance revealed by Wang et al. [31] and the starch, protein and moisture content in the samples.
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Table 2. Impact assessment results for Scenarios I, II, III and IV based on the ReCiPe midpoint impact categories.
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	Impact Category
	Unit
	Sc. I
	Sc. II
	Sc. III
	Sc. IV





	Global warming
	kg CO2 eq
	1.4 × 10−1
	1.9 × 10−1
	2.1 × 10−1
	1.1 × 10−1



	Stratospheric ozone depletion
	kg CFC-11 eq
	3.0 × 10−7
	6.2 × 10−7
	5.2 × 10−7
	2.4 × 10−7



	Ionizing radiation
	kBq Co-60 eq
	8.0 × 10−1
	7.9 × 10−1
	7.9 × 10−1
	6.4 × 10−1



	Ozone formation, Human health
	kg NOx eq
	3.5 × 10−4
	4.8 × 10−4
	5.1 × 10−4
	2.8 × 10−4



	Fine particulate matter formation
	kg PM2.5 eq
	2.3 × 10−4
	3.7 × 10−4
	3.8 × 10−4
	1.9 × 10−4



	Ozone formation, TE
	kg NOx eq
	3.6 × 10−4
	4.9 × 10−4
	5.2 × 10−4
	2.8 × 10−4



	Terrestrial acidification
	kg SO2 eq
	5.8 × 10−4
	1.2 × 10−3
	1.1 × 10−3
	4.6 × 10−4



	Freshwater eutrophication
	kg p eq
	9.4 × 10−5
	1.1 × 10−4
	1.2 × 10−4
	7.54 × 10−5



	Marine eutrophication
	kg n eq
	1.8 × 10−5
	1.0 × 10−4
	8.5 × 10−5
	1.5 × 10−5



	Terrestrial ecotoxicity
	kg 1,4-DCB
	2.2 × 100
	2.4 × 100
	2.7 × 100
	1.8 × 100



	Freshwater ecotoxicity
	kg 1,4-DCB
	9.4 × 10−2
	9.6 × 10−2
	9.9 × 10−2
	7.5 × 10−2



	Marine ecotoxicity
	kg 1,4-DCB
	1.1 × 10−1
	1.2 × 10−1
	1.2 × 10−1
	9.1 × 10−2



	Human carcinogenic toxicity
	kg 1,4-DCB
	1.9 × 10−2
	2.0 × 10−2
	2.1 × 10−2
	1.5 × 10−2



	Human non-carcinogenic toxicity
	kg 1,4-DCB
	6.0 × 10−1
	6.4 × 10−1
	6.5 × 10−1
	4.8 × 10−1



	Land use
	m2 a crop eq
	6.1 × 10−2
	9.2 × 10−2
	8.7 × 10−2
	4.8 × 10−2



	Mineral resource scarcity
	kg Cu eq
	2.0 × 10−3
	2.4 × 10−3
	2.5 × 10−3
	1.6 × 10−3



	Fossil resource scarcity
	kg oil eq
	2.6 × 10−2
	3.8 × 10−2
	4.5 × 10−2
	2.1 × 10−2



	Water consumption
	m3
	2.1 × 10−2
	2.3 × 10−2
	2.2 × 10−2
	1.5 × 10−2
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Table 3. Summary of technical and environmental indicators for the scenarios assessed. The protein content refers to SSF after 6 days.
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	Scenarios
	Environmental Impact (mPt)
	Protein Content
	Lag Phase
	Morphology





	Scenario I
	9.7
	27%
	Short
	Dispersed mycelium



	Scenario II
	12.5
	29%
	Short
	Pellets



	Scenario III
	13.0
	25%
	Long
	Dispersed mycelium



	Scenario IV
	7.6
	27%
	Short
	Dispersed mycelium
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