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Abstract

:

Potato liquor, a byproduct of potato starch production, is steam-treated to produce protein isolate. The heat treated potato liquor (HTPL), containing significant amounts of organic compounds, still needs to be further treated before it is discarded. Presently, the most common strategy for HTPL management is concentrating it via evaporation before using it as a fertilizer. In this study, this scenario was compared with two biotreatments: (1) fermentation using filamentous fungus R. oryzae to produce a protein-rich biomass, and (2) anaerobic digestion of the HTPL to produce biogas. Technical, economic and environmental analyses were performed via computational simulation to determine potential benefits of the proposed scenarios to a plant discarding 19.64 ton/h of HTPL. Fungal cultivation was found to be the preferred scenario with respect to the economic aspects. This scenario needed only 46% of the investment needed for the evaporation scenario. In terms of the environmental impacts, fungal cultivation yielded the lowest impacts in the acidification, terrestrial eutrophication, freshwater eutrophication, marine eutrophication and freshwater ecotoxicity impact categories. The lowest impact in the climate change category was obtained when using the HTPL for anaerobic digestion.
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1. Introduction


Potato is one of the most important food crops in the world, and it accounts for 13.3% of the starch produced in the European Union (EU). The processing of potato to produce starch results in two major byproducts: potato pulp (PP) and potato liquor (PL). PP contains the insoluble polysaccharides cellulose, hemicellulose, pectin and residual starch. Proteins, minerals and trace elements in high concentrations, are the major ingredients of PL [1]. Each metric ton of processed potato yields approximately 200 kg of starch and generates ca 700 kg PL [2] containing 30–41% protein per total solid (TS) [3]. The proteins present in the PL are of good quality, similar to those of whole eggs [3]. Different methods to recover these proteins have been reported. They include thermal coagulation, acid precipitation, salting out, isoelectric precipitation, complexing with carboxymethylcellulose or bentonite, ultrafiltration, expanded bed adsorption and dry separation [3,4,5,6]. However, the only method that is presently being used for industrial recovery of protein from PL is heat coagulation [3,4,5,6,7]. In this method, steam is injected into the liquor at a pH of 5.5 to increase the temperature to 99 °C. This coagulates the proteins, which are then precipitated and collected [8]. However, the proteins obtained by this method lose their functional properties and are mostly used as an additive to cattle feed. Moreover, they have a salty, bitter taste, which prevents them from being used as food additives [3,7,9]. After the proteins have been removed from PL, the residual liquid—called HTPL—is further evaporated at 140 °C to produce potato protein liquor (PPL), containing 40% (w/w) TS [1].



The most common method to manage PPL is to use it as fertilizer. However, most potato processing occurs during the winter. The reduced biological activity in the soil during this period prevents the uptake of the liquor, which forces the potato starch facilities to store large volumes of PPL for several months [9]. Additionally, the use of PPL as fertilizer causes contamination of groundwater and emits a bad odor that can disturb citizens living in neighboring areas [10]. However, as mentioned above, despite the high content of residual proteins in the PPL, they are of poor quality, hence preventing them from being used as a supplement for cattle feed [1].



A few alternative management strategies for PPL have been presented in the literature. The biodegradable nature of the byproduct has stimulated its use in bioprocesses to produce yeast biomass [11], acetate and ethanol [12], enzymes [10] and fungal protein [13]. Additionally, the filamentous zygomycete fungus Rhizopus oryzae has been used to reduce the chemical oxygen demand (COD) of the PPL and produce a protein-rich biomass with a potential application as fish feed [1].



One of the reasons for the growing interest in producing supplements for fish feed is that aquaculture has been growing at about 8% per year since the late 1970s, which is higher than the rate of human population growth. It has been suggested that the reason for this large growth is the widespread knowledge of the importance of fish for a healthy lifestyle, mainly because fish contains ω-3 polyunsaturated fatty acids. Fish feed is a major cost in intensive fish farming [14], and zygomycete fungi can be used as a substitute for fish feed [15]. These are filamentous fungi that contain large amounts of polyunsaturated fatty acids and protein, resulting in an increased content of these components in the fish feed [16]. Ferreira et al. (2016) [17] reported that ascomycete biomass (which has protein and fatty acid compositions comparable to zygomycete) is a good substitute for soybean-based feeds in the diet of animals like poultry, cattle, chicken and fish.



Among the zygomycete strains that have been investigated for fish feed, R. oryzae is a promising microorganism. R. oryzae has been used for many centuries in Asian cuisine to prepare fermented food, such as tempeh. Therefore, it is Generally Regarded As Safe (GRAS), which is a very favorable property when investigating its potential use as animal feed [18]. Due to these arguments, the possibility of using HTPL to cultivate R. oryzae is studied in this work. Alternatively, HTPL can be used in anaerobic digestion (AD) to produce biogas. AD is considered to be a sustainable form of treating industrial waste while simultaneously producing energy in the form of biogas [2]. Production of biogas from waste can have several benefits, including reduction in the costs of waste treatment, contribution to global energy needs using relatively cheap feedstock, and lower environmental impact than conventional types of energy [19].



In the present study, techno-economic and life cycle assessments of the treatment and use of HTPL are performed for three scenarios. The current strategy of PPL production is compared with two alternative scenarios where the HTPL is used for (i) the cultivation of filamentous fungus R. oryzae biomass or (ii) the production of biogas. The data used in the analyses are obtained from experiment, the literature and industrial potato starch production plants.




2. Materials and Methods


2.1. Process Description


This study is based on a typical plant producing potato starch that operates for a period of six months per year. It processes 300,000 metric tons of potato, produces 62,000 metric tons of starch and discards 210,000 m3 of PL per six month period. The pH of the liquor is adjusted to 5.3 before the dissolved proteins are coagulated by injecting steam with a temperature of 140 °C. The HTPL (i.e., the remaining liquid after protein removal) was characterized by Fang et al. (2011) [2].



2.1.1. Concentration of HTPL by Evaporation (Evaporation Scenario)


HTPL is evaporated to produce steam that is used at the same facility. After protein coagulation, approximately 84,848 metric tons of HTPL (per six month operational period) containing 3.3% (w/w) TS is sent to a boiler to be concentrated to PPL containing 40% (w/w) TS. The PPL was characterized by Souza Filho et al. (2017) [1]. Evaporation occurs at 122 °C and 2 bar and at a flow rate of 19.64 ton/h of HTPL, producing 18.1 ton/h of steam and 1.5 ton/h of PPL. Part of the steam (15%) is used to preheat the HTPL and the remaining part is used for other operations at the same facility. The process flow diagram (PFD) of this scenario is presented in Figure 1.




2.1.2. Cultivation of Filamentous Fungus in HTPL (Fungus Scenario)


Experimental studies by Souza Filho et al. (2017) [1] indicate that R. oryzae grow best in the PPL waste stream when it is diluted back to 1:9 (i.e., 1 volume of PPL to 9 volumes of water). Therefore, the stream before concentration (i.e., the HTPL stream) is used in this modelling to cultivate R. oryzae under aerobic conditions using an airlift bioreactor. This type of bioreactor uses air, which is sparged in the medium, as the sole source of agitation. The aeration rate used in the reactor was calculated to keep the same gas holdup used by Souza Filho et al. (2017) [1]. The terminal velocity of a spherical bubble (vt) in a bubble column is given by the Stokes’ law:


    v t  =   g ·  d 2  ·  (   ρ l  −  ρ g   )    18 ·  μ l    ,   



(1)




where g is the gravitational acceleration, d is the diameter of the bubble, ρl is the density of the medium, ρg is the density of the bubble and μl is the dynamic viscosity of the medium. The time it takes for a bubble to leave the liquid (Δt) is:


   Δ t =  H   v t    ,   



(2)




where H is the height of the liquid column. During this time the volume of gas injected into the reactor (Vair) is:


    V  a i r   =  Q  a i r   · Δ t ,   



(3)




where Qair is the air flow rate. The gas holdup (ε), defined as the volume of air divided by the volume of liquid present in the reactor, is:


   ε =    V  a i r      V  l i q u i d     =    Q  a i r   · Δ t    V  l i q u i d     =    Q  a i r   · H    v t  ·  V  l i q u i d     ,   



(4)







Assuming that the properties of the liquid and gas phases are the same in the experimental work and in the simulation (i.e., vt is constant), and that the gas holdup is the same in experiment and in the simulation, then the air flow rate in the simulated reactor can be calculated from the experimental data using:


    Q  a i r 2   =    Q  a i r 1   ·  H 1     V  l i q u i d 1     ·    V  l i q u i d 2      H 2    ,   



(5)







The subscript 2 represents the properties in the simulated reactor and the subscript 1 the properties in the reactor used in the previous work. The height:diameter ratio of the simulated reactor was kept the same as the one used in the experimental work by Souza Filho et al. (2017) [1].



The proteins present in the HTPL induce the formation of foam [7]. Therefore, 0.2% (v/v of HTPL) defoamer is used in the reactor. Moreover, invertase is added at a proportion of 32.6 U per g of HTPL to assist the hydrolysis of the sucrose in the medium. After cultivation, the broth is sent to filters to separate the fermented broth from the fungal biomass. The broth containing low COD is sent to a wastewater treatment plant. The collected biomass is dried using hot air and used as fish feed. The operational conditions used in this simulation are presented in Table 1.




2.1.3. Anaerobic Digestion of HTPL for Biogas Production (Biogas Scenario)


Fang et al. (2011) [2] have investigated the production of biogas from HTPL using an expanded granular sludge bed (EGSB) reactor. They found that the bioreactor can be operated continuously at a hydraulic retention time of 8 days, removing 87% of the COD in the form of biogas. The specifications that were used to simulate the biogas digester are presented in Table 2. The digestate resulting from the biogas production was kept in a storage tank for 20 h to remove the residual methane dissolved before being sent to a wastewater treatment plant. It was assumed that the biogas that is produced is used directly, without upgrading, in a combined heat and power (CHP) plant in the vicinity of the facility that produces the potato starch. The biogas is compressed to 5 bar before being sent to the gas grid.





2.2. Energy, Equipment, and Economic Analyses


The energy, equipment and economic aspects were studied using Aspen Plus® V9 (Aspentech, Burlington, MA, USA) integrated with Aspen Energy Analyzer. The simulated data was exported to the Aspen Process Economic Analyzer software, where economic assumptions were entered. All economic assumptions used in this study are listed in Table 3. A modified version of the activity coefficient model NRTL (i.e., ELECNRTL) was used in all of the scenarios to include the effect of the electrolytes present in the HTPL. All of the equipment was made of stainless steel or carbon steel. The simulations included the purchase of one back-up pump identical to the original pump for all pumps. No further sterilization of the HTPL was considered in the fungus scenario, since the HTPL passes a heat treatment process in the starch plant. Contamination risks were not considered during the economic evaluation of the Fungus Scenario.



The price of fungal biomass was estimated using the price of fish meal adjusted by a factor based on the digestible protein content of both materials (see Table 3). The biogas price was calculated according to the market price of biogas in Sweden and the low heat value of the produced biogas. The revenue from the steam produced in the evaporation scenario is calculated from the regular steam price (see Table 3), even though it is used in the same plant. Economic calculations using the Aspen Process Economic Analyzer (Aspentech, Burlington, MA, USA) were performed based on the prices from the first quarter of 2015. Capital costs, operating costs, product sales and net present value (NPV) were calculated considering a lifetime of the plant of 20 years.




2.3. Life Cycle Assessment (LCA)


This study uses a Consequential Life Cycle Assessment (CLCA) approach. CLCA assesses the environmental impact of products and yields information regarding the consequences as a result of marginal changes [26]. Therefore, it includes activities that are directly or indirectly affected by a marginal change in the level of output of a product [27]. Within the CLCA approach, system expansion is used to handle coproducts. In this method, the boundaries of the system are expanded to include the environmental impacts of alternative processes that produce the same products or functions as the studied coproducts [28]. The main product in this study is the supply of a treatment service, i.e., the service of treating the HTPL for further use. The coproducts are considered to substitute products that are already available on the market [29]. The products that are substituted are shown in Table 4.



2.3.1. System Boundaries, Functional Unit, and Environmental Impact Categories


The system boundaries for the three scenarios are show in Figure 2. It is assumed that the geographical boundaries for the systems are within Sweden. The functional unit is the treatment of one ton of HTPL residue. It is assumed that the waste material enters the system burden free, i.e., without any environmental impact associated with it. The selected environmental impact categories were global warming potential, acidification, fresh water ecotoxicity, as well as terrestrial, marine and freshwater eutrophication. The life cycle impact assessment (LCIA) methodologies recommended by the International Reference Life Cycle Data System (ILCD) were used [33]. The selection of the impact categories allows comparison of the systems for different environmental burdens and geographical scales (global and regional), in order to be able to identify and avoid solutions that could decrease local impacts but increase global burdens or vice versa [34]. The calculations were done using SimaPro v.8.3 (PRé Sustainability: Amersfoort, The Netherlands).




2.3.2. Basic Assumptions and Data Sources


Fungal Biomass


It was assumed that the fungal biomass is used to replace conventional fish meal in the market [35]. Table 5 shows the values for energy and protein content of the biomass and the fish meal. The substitution rate of the fish meal by the fungal biomass used the same factor previously mentioned for the economic analysis and that is shown in Table 3.




Treatment of Wastewater


The effluent after the fungi cultivation (fungus scenario) or the AD (biogas scenario) requires further treatment. The wastewater treatment was adapted from the process “Wastewater from potato starch production” from EcoInvent Consequential database [31] based on the wastewater composition from Souza Filho et al. (2017) [1] and Fang et al. (2011) [2] for the fungus and biogas scenarios, respectively.




Nutrient Recovery


The PPL in the evaporation scenario is used as organic fertilizer for nitrogen and potassium. It was assumed that this organic fertilizer substitutes—and hence avoids the production of—the mineral fertilizers calcium ammonium nitrate and potassium chloride [30]. The emissions to air and water when using nitrogen for fertilizer on land used data from Tonini, Hamelin [30], which are average values in the literature regarding emissions to air and water from organic residues used as fertilizer [36,37,38].




Transportation of Coproducts


The PPL produced in the evaporation scenario is collected by farmers and transported an average of 100 km. The fungal biomass produced in the fungus scenario was considered to be transported 300 km to be used as feed in aquaculture production in western Sweden, where 10% of the national fish production occurs [39].







3. Results and Discussion


Production of potato starch generates a protein-rich side stream which is exploited by the industry to produce protein isolate. The residual wastewater is given (without charge) to the farmers to be used as fertilizer. This scenario was compared to other scenarios in which the wastewater is used to produce fungal biomass for use as fish feed or to produce biogas.



3.1. Technical Analysis


In the evaporation scenario, 19,641 kg/h of HTPL are pumped to a boiler operating at 2 bar to concentrate the HTPL to PPL, which contains approximately 40% (w/w) solids. The boiler produces 18,126 kg/h of steam which is used to preheat the HTPL before it enters the boiler. Approximately 267 MW·h/day of energy are consumed in this process.



The fungus scenario, involving the production of R. oryzae biomass to be used as fish feed, was evaluated for the same flow rate used for the evaporation scenario (19,641 kg/h of HTPL during six months a year). The cultivation of R. oryzae yielded a biomass production of 2475 kg/day (445 metric tons for an operational period of six months) containing 46.6% crude protein. The energy consumption in this process is 24.5 MW·h/day, which is primarily due to the aeration of the bioreactor (95% of the energy consumed in the scenario is for aeration). A daily volume of 473.8 m3 of wastewater is discarded by the plant. An airlift bioreactor was chosen because of the improved agitation achieved in this design without the use of internal parts (e.g., impellers and baffles) in which the fungus can grow around interfering in the mass transfer [40].



In the biogas scenario, 279.1 Nm3/h of biogas containing 58.8% (v/v) of methane is produced. At this concentration, the biogas contains a low heat value of 5.47 kW·h/Nm3. The biogas production is equivalent to 36.6 MW·h/day, while the energy consumption is 11.9 MW·h/day, i.e., less than half of the energy needed for the fungus scenario. This is because the anaerobic digester uses mechanical agitation to create homogeneous conditions inside the reactor, as opposed to the airlift bioreactor used in the fungus scenario, which uses aeration as the source of agitation. This decreases the energy demand in the biogas scenario. 474.0 m3 of wastewater is generated each day. Compared to the evaporation scenario, which is presently the most common alternative in potato starch plants, both bioprocess scenarios reduce the energy consumption.




3.2. Economic Analysis


Treatment of HTPL to PPL in the evaporation scenario requires an operating cost of €1.7 million per operating period (6 months). No income when using the PPL as fertilizer was accounted for in this scenario, since PPL is given without charge to the farmers for use as fertilizer. The excess steam produced and not used to preheat the HTPL represents an income of €671,414. The capital cost for this scenario is approximately €16.5 million. The evaporation of HTPL, containing as little as 3.3% (w/w) of TS, which is required to obtain the highly-concentrated PPL, demands the highest amount of heat when compared to the other scenarios. A standard vertical vessel was used to estimate the cost of the boiler for direct steam injection. Also, a shell and tube heat exchanger was designed to preheat the HTPL. The equipment, size and construction material used in the simulation, as well as the individual prices, are presented in Table 6.



Production of fungal biomass (fungus scenario) demands much less energy. Only 9.2% of the energy presently used in the evaporation scenario would be required to produce the fungal biomass from HTPL. Cultivating the fungus on the potato starch wastewater has a capital cost of about €7.5 million. The cost of the airlift bioreactor was considered to be the same as the cost of a jacketed vertical tank. A rotary drum filter was used to collect the biomass after fermentation. Drying the biomass was achieved using a direct contact rotary dryer. The compressor used to provide air to the bioreactor was designed to provide an aeration of 0.04 vvm, and was calculated using Equation (4). The costs of the equipment are presented in Table 6. The operational cost of the plant was estimated to be €1.84 million per operating period, and the fungal biomass obtained during this period was sold as fish feed supplement for €282,150.



The biogas scenario has the lowest energy consumption (11.9 MW·h/day). The capital investment for this scenario is about €14.2 million. Operational costs are €1.4 million/period (including sending wastewater to a municipal treatment plant), and €216,785/period would be obtained from selling the biogas. Compared to the fungus scenario, the biogas scenario demands 89% more capital investment and the operational cost is 24% lower. The capital cost, operating cost and product sales for the proposed scenarios are presented in Figure 3. The digestate from the AD still contains nutrients which can be recovered in the form of fertilizer. However, the low concentration of such components in the digestate would require processes that have high energy demands, e.g., evaporation or centrifugation, or the transportation of large volumes of liquid. This would increase the costs associated with biogas scenario. Therefore, the wastewater produced in fungus and biogas scenarios is sent to the municipal wastewater treatment plant.



The NPV diagram after 10, 15 and 20 years is presented in Figure 4. No scenario returns the investment made. Fungal cultivation (fungus scenario) results in a NPV that is less negative than AD (biogas scenario). After 15 years, the NPV of the biogas scenario becomes similar to the NPV of the evaporation scenario and, at the end of the lifetime of the plant, evaporation and fungus scenarios have comparable NPV. This is caused by the large capital cost and low operational cost of the evaporation scenario, opposed to the low capital cost and large operational cost of the fungus scenario. The contrasting characteristics of the scenarios lead to a shift in the NPV during the last five years of the plant’s lifetime. Rajendran et al. [20] estimated that the capital cost for a municipal solid waste (MSW) AD plant is about 40 million USD with operating costs of about 3 million USD per year. The plant was designed to treat 55,000 m3 of MSW and to produce compressed biogas (CBG) for the transport sector. The MSW, which has a high TS content, yields 64 Nm3 of raw biogas per m3 of MSW versus 14.2 Nm3 of raw biogas per m3 of HTPL. This creates a situation where a plant can make a profit from waste treatment. In the case of the HTPL, the dilute nature of the waste stream requires larger equipment and higher energy consumption, and returns lower quantities of biogas, hence making it difficult to operate the treatment processes with a positive economic balance.




3.3. Life Cycle Assessment


Figure 5 shows the environmental impacts of the three scenarios for HTPL treatment and use. The results show that the evaporation scenario has the largest impact in all of the impact categories except freshwater ecotoxicity. This is primarily due to the impacts related to the large amount of heat required for the evaporation of HTPL to PPL, which is part of the process emissions seen in the figure. Due to this heat requirement, the evaporation scenario has a large environmental impact despite the abatement from the avoided production of mineral fertilizer (seen as nutrients recovery in Figure 5).



The fungus scenario has lower impacts than the evaporation scenario in all of the impact categories. It also has a lower impact than the biogas scenario in all of the impact categories except climate change. The lower impact of the biogas scenario on climate change is mainly due to the avoided marginal energy production, which is a result from the biogas firing in a CHP plant. It can also be noted that biogas scenario has lower impacts than the evaporation scenario in all impact categories except freshwater ecotoxicity.



The trends seen in the acidification, terrestrial eutrophication, marine eutrophication and freshwater eutrophication impact categories are the same, with the fungus scenario having the lowest impact and the evaporation scenario the highest. The impact of fungus scenario on freshwater eutrophication is 77% and 55% lower compared to the evaporation and biogas scenarios, respectively (Figure 5). The results show that for the freshwater ecotoxicity category, the fungus scenario has the best performance with impacts that are 48% and 51% lower compared to the evaporation and biogas scenarios, respectively (Figure 5).




3.4. Comparison of the Different Scenarios


The fungus scenario has the lowest impact in five out of the six environmental impact categories that were analyzed. This may indicate that it is the preferred option. However, it must be emphasized that this scenario has a larger impact than the biogas scenario in the climate change category. Since this impact category is considered by the United Nations “the single biggest threat to development” [41], this result may have a central role when selecting the preferred scenario.



The fungus scenario is also the preferred scenario according to the economic analysis, since it has the lowest capital cost and the best NPV during the first fifteen years of operation. In contrast, at the end of the plant’s lifetime, the evaporation scenario becomes economically more viable. However, the difference between the two scenarios is only 1% of the evaporation scenario’s NPV.



The evaporation scenario has the largest impact in five out of the six environmental impact categories, in addition to having the largest capital investment of all scenarios.



Since none of the scenarios was best in all of the analyzed parameters, it is not possible to draw a simple conclusion regarding the preferred scenario. A decision would ultimately be made according to the political, environmental or economic agenda of the decision-makers and identifying the crucial factors can be difficult [42]. The most important contribution of this study is to highlight the trade-offs inherently involved in the decision process.





4. Conclusions


Technical, economic and environmental analyses were performed to determine potential benefits of two proposed scenarios to a plant discarding 19.64 ton/h of HTPL. The two proposed scenarios are to use the HTPL (i) to cultivate filamentous fungus R. oryzae to produce a protein-rich biomass (fungus scenario) and (ii) to produce biogas via AD (biogas scenario). These two scenarios are compared to the most commonly used treatment method, which is concentrating the HTPL before using it as a fertilizer. Both proposed scenarios reduce the capital cost and the energy consumption of the wastewater treatment. Moreover, the current study highlights the environmental benefits of cultivating fungi in the HTPL (fungus scenario), since it has the lowest impact in acidification, freshwater ecotoxicity as well as the terrestrial, freshwater, and marine eutrophication categories. In contrast, the greenhouse gas emissions were higher from fungus scenario compared to biogas scenario, where the residue was anaerobically digested. The results show that the substituted products in the system expansion, such as mineral fertilizers, electricity and heat, substantially reduce the environmental footprints of fungus and biogas Scenarios. This study presents the techno-economic and environmental trade-offs that are necessary to take into account when selecting one of the scenarios in preference to the others.







Acknowledgments


The authors would like to acknowledge the Coordination for the Improvement of Higher Education Personel (CAPES-Brazil), and the Gunnar Ivarsson foundation for financing this work.




Author Contributions


Pedro F Souza Filho, Akram Zamani, and Mohammad J. Taherzadeh conceived and designed the simulation scenarios. Pedro Brancoli and Kim Bolton were responsible for the life cycle analysis. Pedro F Souza Filho and Pedro Brancoli wrote the paper. Kim Bolton, Akram Zamani, and Mohammad J. Taherzadeh reviewed and edited the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	AD
	Anaerobic digestion



	CBG
	Compressed biogas



	CHP
	Combined heat and power



	CLCA
	Consequential life cycle assessment



	COD
	Chemical oxygen demand



	CS
	Carbon steel



	DM
	Dry matter



	EGSB
	Expanded granular sludge bed



	EU
	European Union



	GRAS
	Generally regarded as safe



	HRT
	Hydraulic retention time



	HTPL
	Heat treated potato liquor



	LCA
	Life cycle assessment



	LCIA
	Life cycle impact assessment



	MSW
	Municipal solid waste



	NPV
	Net present value



	OLR
	Organic loading rate



	PFD
	Process flow diagram



	PL
	Potato liquor



	PP
	Potato pulp



	PPL
	Potato protein liquor



	SS
	Stainless steel



	TS
	Total solids



	U
	Unity of enzyme activity



	USD
	United States dollar



	VFA
	Volatile fatty acid
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Figure 1. Process flow diagram of the three scenarios studied in this work. 
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Figure 2. System boundaries and reference flows for the evaporation, fungus and biogas scenarios. The dotted lines show the avoided products in the system expansion. 
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Figure 3. Results from the economic evaluation for the different scenarios considered in this study. The period is one year with six operational months. 
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Figure 4. Net present value for the different scenarios after 10, 15 and 20 years. 
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Figure 5. Environmental impacts of the three scenarios studied in this work. 
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Table 1. Technical values used for the Fungus Scenario 1.
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	Type
	Assumption





	Reactor type
	Airlift



	Dilution rate
	0.1 h−1



	Temperature
	35 °C



	Biomass yield
	4.6 g/L HTPL



	Nitrogen content in biomass
	7.456% (w/w)







1 Data based on [1].
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Table 2. Technical values used for simulation of the fungus scenario 1.
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	Type
	Assumption





	Reactor type
	EGSB



	Hydraulic retention time (HRT)
	8 days



	Organic loading rate (OLR)
	3.2 g COD/Lreactor.day



	Temperature
	37 °C



	Methane production rate
	1420 mL CH4/Lreactor.day



	Methane concentration
	58% (v/v)



	VFA content in the bioreactor
	1 mM



	Biogas pressure in the distribution pipeline
	5 bar







1 Data based on [2].
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Table 3. Economic evaluation inputs and operational cost.






Table 3. Economic evaluation inputs and operational cost.





	Type
	Assumption





	Annual operating time
	4368 h (26 weeks)



	Depreciation method
	Straight line



	Working capital 1
	15%/period



	Tax rate 1
	33%/period



	Interest rate 1
	6%/period



	Lifetime of the plant 1
	20 years



	Salvage value 1
	20% of initial capital cost



	Operator labor
	20 €/h



	Supervisor labor
	35 €/h



	Electricity 1
	0.0775 €/kW·h



	Steam 1
	0.01 €/kg



	Wastewater treatment 1
	0.001 €/m3



	Fish meal 2
	0.929 €/kg



	Digestible crude protein content in fish meal 3
	65.6% (DM)



	Digestible crude protein content in fungal biomass 4
	44.1% (DM)



	Price conversion rate fungal biomass/fish meal
	0.672



	Invertase 5
	2.25 × 10−5 €/U



	Defoamer 6
	2.3 €/L



	Biogas 7
	33 €/MW·h



	Low heat value Biogas (58% CH4)
	5.47 kW·h/Nm3







1 Data based on [20]; 2 [21]; 3 [22]; 4 [16]; 5 [23]; 6 [24]; 7 [25]. DM: dry matter.
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Table 4. Coproducts obtained from the three scenarios studied here and the alternative products that are replaced by the coproducts.
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Scenario

	
Coproduct

	
Replaced Product for Coproduct






	
Evaporation

	
PPL

	
Fertilizers 1




	
Fungus

	
Fungal biomass

	
Fishmeal 2




	
Biogas

	
Electricity

	
Marginal market for electricity in Sweden 3




	
Heat

	
Biomass in CHP plant 3








1 Marginal fertilizers: Calcium ammonium nitrate and potassium chloride [30]. Inventory data for fertilizer production retrieved from consequential life cycle assessment (CLCA) EcoInvent database [31]; 2 Data from CLCA EcoInvent database [31]; 3 Inventory data for fishmeal production retrieved from Fréon et al. [32].
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Table 5. Biochemical composition of the fungal biomass and the substituted products.
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	Biochemical Parameter
	Unit
	Fish Meal 1
	Fungal Biomass 2





	Gross energy
	MJ/kg DM
	20.4
	20.2



	Digestible energy
	MJ/kg DM
	16.7 3
	16.34



	Crude protein
	% DM
	70.6
	47.5







1 [22]; 2 [16]; 3 Salmonid digestible energy.
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Table 6. Equipment costs for the different scenarios.
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Scenario

	
Equipment

	
Capacity/Size 1

	
Material

	
Cost (thousand €)






	
Evaporation

	
HTPL pump

	
6.2 L/s

	
SS

	
8.2




	
Heat exchanger

	
114 m2

	
SS

	
61.5




	
Evaporator

	
650 m2

	
CS

	
5450.5




	
Storage tank

	
7000 m3

	
CS

	
107.8




	
Fungus

	
HTPL pump

	
6.2 L/s

	
SS

	
8.2




	
Air compressor for fermenter

	
467 m3/h

	
CS

	
153.0




	
Sterile air filter

	
467 m3/h

	
2

	
2.0




	
Pump for defoamer

	
4.4 mL/s

	
CS

	
4.1




	
Pump for enzyme

	
98 mL/s

	
CS

	
4.1




	
Airlift fermenter

	
200 m3

	
SS

	
1478.5




	
Biomass filter

	
9.3 m2

	
CS

	
109.0




	
Biomass dryer

	
9.3 m2

	
CS

	
47.5




	
Air blower for dryer

	
3095 m3/h

	
CS

	
10.9




	
Biogas

	
HTPL pump

	
6.2 L/s

	
SS

	
8.2




	
EGSB digester

	
4800 m3

	
CS

	
3952.2




	
Storage tank

	
480 m3

	
CS

	
29.7




	
Water condenser

	
1.6 m2

	
SS

	
10.3




	
Biogas compressor

	
260 m3/h

	
SS

	
879.9








1 Heat exchangers and filters defined by the surface area. Pumps and compressors defined by the flow rate. 2 Filter material cannot be adjusted in Aspen Process Economic Analyzer.
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