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Abstract

:

Third-generation (3G) biorefineries harnessing industrial off-gases have received significant attention in the transition towards a sustainable circular economy. However, uncertainties surrounding their techno-economic feasibility are hampering widespread commercialization to date. This study investigates the production of single-cell protein (SCP), a sustainable alternative food and feed protein, from steel mill off-gas through an efficient coupled fermentation approach utilizing acetate as an intermediate. A comprehensive model that comprises both the gas-to-acetate and the acetate-to-SCP fermentation processes, as well as gas pretreatment and downstream processing (DSP) operations, was developed and used to perform a techno-economic analysis (TEA). Sensitivity analyses demonstrated that significant cost reductions can be achieved by the process intensification of the gas-to-acetate fermentation. As such, an increase in the acetate concentration to 45 g/L and productivity to 4 g/L/h could lead to a potential cost reduction from 4.15 to 2.78 USD/kg. In addition, the influence of the production scale and other economic considerations towards the commercialization of off-gas-based SCPs are discussed. Conclusively, this research sheds light on the practical viability of a coupled fermentation process for SCP production by identifying key cost-influencing factors and providing targets for further optimization of the acetate platform, fostering sustainable and economically feasible bio-based innovations.
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1. Introduction


Over the past decades, waste prevention and reduction have become increasingly important. In this context, the transition to a circular economy and a reduction in greenhouse gas (GHG) emissions are key action points, prompting the need for innovative and sustainable solutions. Biorefineries have gained considerable attention as they redesign industrial processes towards the use of renewable feedstocks and biological conversion technologies, mitigating their environmental impact. However, current first-generation (1G) biorefineries are often constrained by the requirement for high-purity feedstocks, entailing the utilization of arable land and thus leading to competition with food crops [1]. Alternatively, second-generation (2G) biorefineries use non-food biomass such as agricultural residues and organic waste, yet face challenges due to the higher complexity and the cost of processing these feedstocks [2]. Recently, another groundbreaking approach has been put forth in the form of a third-generation (3G) biorefinery harnessing carbon from industrial off-gases, an abundant and sustainable carbon source [3].



A key challenge of 3G biorefineries is energy-efficient carbon fixation. For this reason, gas fermentation using acetogenic bacteria, which can efficiently assimilate CO2 and H2 as well as CO through the native Wood–Ljungdahl pathway, appears as a propitious route [4]. One of today’s most prominent examples of this technology is the ethanol production process of LanzaTech (US), which is able to convert off-gas from the basic oxygen furnaces (BOFs) of steel mills [5]. Considering that the iron and steel industry is responsible for a substantial 25% share of industrial GHG emissions, such a gas fermentation process is regarded as a favorable carbon capture and utilization (CCU) technology [6]. The BOF gas is rich in CO, which can be used as both a carbon and energy source by the acetogens [7]. In addition, thanks to the robustness of the acetogens, BOF gas can be supplied to the gas fermentation process without extensive prior gas purification [5].



Whereas the acetogenic metabolism is known for its metabolic efficiency, its product spectrum is rather limited [7]. To overcome this limitation, a coupled fermentation approach with acetate as an intermediate can be employed. This coupled fermentation consists of (1) an anaerobic gas fermentation producing acetate, the main natural product synthesized by acetogens, and (2) an aerobic acetate fermentation to synthesize higher-value compounds. For the former, Moorella thermoacetica serves as the homoacetogenic model organism, producing acetate at a high yield and capable of reaching an acetate concentration of 30 g/L at a volumetric productivity of 0.57 g/L/h [8,9]. The produced acetate can be assimilated by a wide variety of microbial production strains since it only takes one enzymatic conversion to form the central molecule acetyl-CoA [10].



In fact, this coupled fermentation concept has been employed for the acetate-based production of triacylglycerides, polyhydroxyalkanoates, and single-cell protein (SCP), amongst others [11,12,13]. In particular, the use of SCP has recently been considered highly promising because of its environmental merits. Since the production of microbial protein is highly efficient in land and nutrient utilization, it could alleviate the burden that traditional protein production for food and feed exerts on the environment [14,15]. To produce SCP from acetate, Cupriavidus necator, formerly known as Ralstonia eutropha or Alcaligenes eutrophus, has emerged as an interesting production strain. It stands out as a well-established acetate-utilizing strain, reaching high cell densities exceeding 100 g/L [11]. In addition, SCP from C. necator has been reported to be of superior quality because of its high protein content of around 70%, valuable amino acid profile, and similar or better digestibility than the current commonly used protein sources such as soy or whey [16].



Hence, while offering a carbon-neutral system for sustainable protein production, the production of off-gas-derived SCP perfectly aligns with the need for innovative CCU technologies. Moreover, the proposed coupled fermentation approach with acetate as the intermediate has recently been identified as one of the most energy-efficient metabolic routes compared with alternative intermediates and direct gas fermentation [17]. Nevertheless, to date, the techno-economic feasibility of this intricate process remains unexplored, leaving the untapped potential for widespread implementation yet to be revealed.



To bridge this gap, we developed a comprehensive model that incorporates the coupled fermentation with acetate as the intermediate in a 3G biorefinery, utilizing BOF gas to produce SCP feed. Besides the anaerobic and aerobic fermentations, the model also includes the required gas pretreatment and downstream processing (DSP), as well as additional operations to enhance waste management and circularity. Analyses of the cost breakdown and capital investment, as well as sensitivity analyses, were performed aiming to provide a better understanding of the process and to identify the main factors affecting its techno-economic feasibility. By doing so, this study not only elucidates the vast potential of the investigated 3G biorefinery for off-gas-derived SCP production but also provides concrete insights and practical recommendations that serve as a crucial guideline to empower further research on the coupled fermentation platform.




2. Methodology


2.1. Modeling and Simulation Software


SuperPro Designer v13 (Intelligen, Scotch Plains, NJ, USA) was employed to model and simulate the biorefinery for SCP production from industrial off-gas. The same software tool was used to conduct economic assessments of the process, providing pricing models for the facility-dependent costs.




2.2. Process Design


An integrated process was designed for the continuous production of SCP from BOF gas through coupled fermentation with acetate as the intermediate. The complete process consists of eight sections, including the core production process as well as waste management operations to create circularity within the process. The model input parameters were derived from the literature and based on engineering discernment. The key assumptions for each of the process sections are discussed below. The detailed SuperPro Designer model used in this study is available upon request.



2.2.1. Medium Preparation


The medium contains the nutrients for both the gas-to-acetate and the acetate-to-SCP fermentation processes [13]. First, the water is purified by ion exchange and reverse osmosis. Then, the nutrients are dissolved and sterilized through in-line sterilization, except for the heat-sensitive compounds, namely the trace elements and vitamins, which are sterilized by filtration [18]. The complete sterilized medium is continuously added to the first bioreactor, from which the spent medium is fed to the second bioreactor together with the produced acetate.




2.2.2. Gas Pretreatment


BOF gas with a mass composition of 55.96% CO, 20.48% CO2, 0.27% H2, 23.27% N2, and 0.02% O2 was selected as the feedstock [5,19]. Since anaerobic conditions are required during the gas-to-acetate fermentation, oxygen traces are removed in a catalytic system [20]. In addition, to prevent catalyst poisoning caused by iron oxide dust and other particulates in the steel mill off-gas, a gas filtration step is included [21]. Subsequently, the purified gas is compressed to 9 bar and cooled to 60 °C to match the fermentation conditions.




2.2.3. Anaerobic Gas-to-Acetate Fermentation


The acetogenic species M. thermoacetica was selected to convert the BOF gas. The anaerobic gas fermentation process is operated under its optimal conditions for acetate production, namely a temperature of 60 °C and pH 6.0 [22]. To improve the gas transfer efficiency, the operating pressure was set at 8.5 bar and a bioreactor with an airlift design was selected, using a maximum nominal volume of 600 m3 [23,24]. A 90% overall CO conversion efficiency was assumed, of which 10% is converted into biomass and 90% is used for acetic acid production resulting in the formation of ammonium acetate with NH4OH as the neutralizer, according to the following stoichiometric reactions:


  CO +  0.11   N    H   3   +  0.06   Nutrients  +  0.32      H   2   O →  0.5   C    H   2.08     O   0.53     N   0.24   +  0.54   C    O   2    



(1)






  CO +  0.5      H   2   O →  0.25   C    H   3   COOH +  0.5   C    O   2    



(2)






  C   H   3    COOH +    NH   4    OH    →    C    H   3   COON   H   4    +    H   2   O  



(3)




with   C   H   2.08     O   0.53     N   0.24     being the molecular formula for M. thermoacetica biomass for which the reaction was based on the elemental balance [8,25].



A continuous fermentation mode is employed with the implementation of an external filtration unit for cell recycling. The latter consists of a hollow-fiber membrane that retains most of the cells, whereas a filtrate stream consisting of the produced ammonium acetate and the residual nutrients is continuously extracted [13]. A small cell fraction is removed using a bleed stream to keep the biomass concentration constant and assure the culture’s viability. By implementing this continuous fermentation mode, a steady state is attained. The values of the key fermentation parameters for the benchmark process were based on the work of Hu et al. (2016) and the findings obtained during pilot-scale gas fermentation trials conducted at the Bio Base Europe Pilot Plant (Ghent, Belgium) (Table 1) [13]. Finally, the filtered acetate stream is blended and cooled in a buffer tank, with a residence time of 2 h, to serve as the substrate for the second fermentation stage.




2.2.4. Aerobic Acetate-to-SCP Fermentation


The dilute acetate stream is fed to the second fermentation, where it is assimilated by C. necator to produce SCP. The temperature is controlled at 30 °C and air is continuously sparged at 0.3 vvm. The process is conducted in a continuously stirred tank reactor (CSTR) using a maximum nominal volume of 350 m3. Three stoichiometric reactions were included for this fermentation, namely the dissociation of ammonium acetate, the production of biomass, and the neutralization of the residual NH3 with H3PO4:


  C   H   3   COON   H   4   → C   H   3    COOH + N    H   3    



(4)






  C   H   3    COOH + 0.21    N   H   3    + 0.06   Nutrients + 0.84      O   2   →    1.14   C    H   1.74     O   0.46     N   0.19    + 0.91   C    O   2    + 1.35      H   2   O  



(5)






   3   N    H   3    +    H   3     PO   4   →   ( N   H   4   )   3     P O   4    



(6)




with   C   H   1.74     O   0.46     N   0.19     being the molecular formula for C. necator biomass for which the reaction was based on the elemental balance [25].



A continuous fermentation mode is employed to keep the volume constant while feeding the dilute acetate stream; hence, similar to the gas-to-acetate fermentation, a steady state is reached. The values of key fermentation parameters for the benchmark model listed in Table 2 were based on the work of Vlaeminck et al. [11].




2.2.5. DSP of SCP


The effluent broth of the acetate-to-SCP fermentation is treated in a series of continuous DSP operations to produce SCP suitable for feed applications. First, a two-step microfiltration is performed, including concentrating the cells to 90 g/L and diafiltration to wash the cells and remove water-soluble contaminants [26]. Then, the concentrated broth is pasteurized at a temperature of 90 °C for 1 h. Finally, water is removed from the product stream using a three-effect evaporation system and a spray-drying system, which reduce the water content to 80% and 10%, respectively [26].




2.2.6. NH3 Recovery


Part of the NH3 contained in the ammonium acetate produced in the gas-to-acetate fermentation is consumed by C. necator for biomass formation in the acetate-to-SCP fermentation. Recovery of the unused NH3 is implemented by including an absorption unit that retains 90% of the NH3 contained in the off-gas stream of the acetate-to-SCP fermentation [27]. The use of water for scrubbing enables the generation of NH4OH, which is reused as a neutralizer in the gas-to-acetate fermentation.




2.2.7. Anaerobic Digestion and Gas Combustion


The residual biomass and nutrients present in the bleed stream from the gas-to-acetate fermentation and in the filtrate stream from the two-step microfiltration during DSP are valorized by anaerobic digestion for biogas generation. The streams are collected and blended in a storage tank before entering a series of two anaerobic digestion tanks operating at a temperature of 37 °C with a maximum volume of 15,000 m3 and a residence time of 240 h [28]. The produced biogas is upgraded by removing the H2S with an absorption unit, compressed to 11 bar, and sent to a buffer tank [29]. Besides the biogas, the off-gas from the gas-to-acetate fermentation, containing unconverted CO and H2, is also an energy-containing gas stream. Both the biogas and the fermentation off-gas are combusted for heat generation in the spray-drying system used during DSP, thereby reducing natural gas utilization [30].




2.2.8. Wastewater Treatment


The digestate effluent stream from the anaerobic digestion still contains undigested organic compounds with a considerable amount of organic duty. This is treated by aerobic oxidation in an activated sludge system comprised of an aeration tank for biodegradation and a settling tank for clarification. The activated sludge is partially recycled, whereas the sludge bleed is concentrated with a belt filter. Since an absence of toxic compounds was considered, additional processing was deemed unnecessary and a sludge disposal cost of 10 USD per metric ton (Mton) was taken into account [31]. Finally, the treated water is passed through a granular media filter to remove solid particles [28]. Most of the purified water is used in medium preparation, in which 20% of the fresh water is added to circumvent the potential accumulation of toxic compounds. A smaller part of the purified water is used in the biogas upgrading absorption unit and in the diafiltration during DSP. In the latter, the condensed water of the evaporation system is also completely reused.





2.3. Economic Assessment


For the economic assessment, a facility with a lifetime of 20 years, an annual SCP production capacity of 20,000 Mton, and an annual operational activity of 49 weeks was modelled. To estimate the operating costs and capital investment, a simulation-based approach was employed using economic calculations integrated into the SuperPro Designer software. The operating costs consist of the following costs: raw materials, facility (including plant maintenance, depreciation, and overhead expenses), labor, consumables, laboratory/quality control/quality assurance (lab/QC/QA), and utilities. The capital investment comprises direct fixed capital (including equipment purchase, installation, piping, instrumentation, buildings, etc.), working capital (estimated as the capital required to cover one month of expenses), and startup and validation costs (estimated as 5% of the direct fixed capital). Sensitivity analyses were conducted through a comprehensive set of simulations in which the sensitivity variables were systematically adjusted. As such, the influence of key fermentation performance parameters, namely the acetate productivity (1–6 g/L/h) and the acetate concentration (30–60 g/L) of the gas-to-acetate fermentation, and the impact of production scale (5000–50,000 Mton/y) on the unit production cost and capital investment were evaluated.





3. Results and Discussion


3.1. Process Simulation and Conversion Yield


The benchmark process was modeled and simulated following the assumptions described in the Section 2. In Figure 1, a simplified block flow diagram indicating the eight process sections is shown. With the assumed productivities of 1.0 g/L/h acetate and 2.0 g/L/h SCP for the coupled fermentations, a total of 11 airlift bioreactors (432 m3) and 5 CSTRs (299 m3) are required to sustain the production of 2.5 Mton/h of dry C. necator biomass. Moreover, since acetate becomes inhibiting for M. thermoacetica at high concentrations, the acetate concentration was limited to 30 g/L [22]. This is achieved through a continuous fermentation mode in the gas-to-acetate fermentation, requiring the addition of 169 Mton/h fresh medium. Moreover, 7 Mton/h NH3 solution (24.5 w%) is added in this first fermentation step to keep the pH constant, thereby forming ammonium acetate. In the acetate-to-SCP fermentation step, all acetate is consumed to produce 14 g/L C. necator dry biomass, leading to a pH increase that is counteracted by the addition of H3PO4 (85 w%). The 158 Mton/h effluent from this second fermentation is concentrated and washed in a two-step microfiltration process. Following this, the C. necator culture is inactivated through pasteurization. Finally, the stream is dried, resulting in a final product composed of 87% SCP, 10% water, and 3% salts.



Optimization of resource management through the recovery of materials and energy, as well as wastewater treatment, is crucial for the overall sustainability of the process [15]. Therefore, the NH3 recovery, anaerobic digestion, and wastewater treatment sections were included. By using NH3 recovered from the off-gas of the acetate-to-SCP fermentation, 42% less NH4OH solution is needed. In the anaerobic digestion section, the residues of biomass, salts, and nutrients are treated, resulting in the formation of biogas. This biogas and the gas-to-acetate fermentation off-gas are used for the heat generation required in the spray-drying system, hence 96% less natural gas is needed. The purified water obtained from the wastewater treatment allows an 80% reduction in freshwater usage for medium preparation. Furthermore, the complete production process was designed in a continuous operation mode, enabling steady-state operation and consistent product quality. This enhances the overall space–time yield as it eliminates the need for startup and shutdown procedures, thus minimizing downtime and reducing the operational costs. The technical feasibility of this continuous coupled fermentation process was enhanced by including buffer vessels at several crucial points, such as before each fermentation section.



For the annual production of 20,000 Mton SCP, 172,000 Mton BOF gas is required, which corresponds to about one-third of the total BOF gas emitted by a conventional steel mill with an annual steel production capacity of 5 million Mton [19,32]. Furthermore, thanks to its microbial robustness, this process can also utilize other industrial off-gases, such as the syngas obtained by the gasification of woody biomass, a common waste stream of current 1G and 2G biorefineries [33]. The overall carbon fixation yield of CO into SCP equals 21%, whereas the rest of the carbon dissipates at different points in the process:




	
A total of 55% is emitted through the off-gas of the gas-to-acetate fermentation. More specifically, 10% accounts for the amount of CO that remains unconverted, whereas the remaining 45% is emitted as CO2 during the conversion of CO to M. thermoacetica biomass and acetate (Equations (1) and (2));



	
A total of 18% is emitted as CO2 through the off-gas of the acetate-to-SCP fermentation when converting ammonium acetate (Equation (5));



	
Totals of 5% and 1% are fixed in the discarded biomass of M. thermoacetica (removed in the bleed stream during the gas-to-acetate fermentation) and C. necator (lost in the two-step microfiltration during the DSP of SCP), respectively, which are treated by anaerobic digestion.








Remarkably, the carbon yield could potentially be improved by introducing CO2 conversion. Both M. thermoacetica and C. necator are capable of consuming CO2 if additional energy in the form of H2 is provided. However, some critical challenges arise when aiming to achieve this complete carbon conversion. For M. thermoacetica, it is known that the simultaneous assimilation of CO and H2 within one fermentation is metabolically conflicting due to hydrogenase inhibition by CO [13]. For C. necator, this would require the establishment of an aerobic gas fermentation process, which is known to be technically challenging since the CO2/H2/O2 gas mixture is potentially explosive [34]. Furthermore, the Calvin cycle natively used by C. necator for aerobic CO2 fixation is far less efficient than the acetogenic Wood–Ljungdahl pathway, hence requiring a larger amount of H2 and thus increasing the costs [17]. In this respect, current advances in metabolic engineering focusing on the co-utilization of CO and H2 for M. thermoacetica, as well as decreasing the H2 requirement for C. necator, are highly valuable [35,36,37].




3.2. Capital Investment and Breakdown of the Unit Production Cost


Economic analysis of the benchmark process model for a 20,000 Mton/y SCP facility resulted in an estimation of the capital investment and unit production cost of USD 320 million and 4.15 USD/kg, respectively. The contribution of each process section and the breakdown of the unit production cost are shown in Figure 2.



The facility-dependent costs make up 58% of the total production costs, mainly resulting from the large number of bioreactors needed. The utilities, encompassing electricity and heat transfer agents, account for 18% of the total costs. Remarkably, despite the acetate-to-SCP bioreactors (299 m3) being smaller than the gas-to-acetate bioreactors (432 m3), their utilities cost per bioreactor is significantly higher. This difference can be attributed to the fact that a CSTR demands approximately five times more electricity than an airlift bioreactor, primarily due to the energy-intensive motor required for stirring. In addition, the acetate-to-SCP fermentation process demands more cooling as the cultivation temperature is 30 °C for C. necator, whereas it is 60 °C for M. thermoacetica. The material costs are relatively small, since the use of several compounds typically required for the startup, cleaning, and sterilization of the process tanks and other equipment are largely reduced by operating in a continuous mode. In addition, the main material streams, namely water and NH3, are recovered in the process. Finally, it is also crucial to note that whereas the feedstock cost typically encompasses 50% of the production cost in a traditional biorefinery, this cost was decreased to 5% when accounting for the treatment of the BOF gas. In addition, carbon taxation could further reduce this cost and could even lead to additional revenue. As such, a carbon tax of 50 USD/Mton, which is advised as the minimum amount for 2030 (to achieve the Paris Agreement’s temperature targets), would result in an extra gain of 0.03 USD/kg SCP or 593,000 USD/y [38].




3.3. Impact of Process Intensification on the Production Costs


The economic analysis of the benchmark process shows that the coupled fermentation part is responsible for 67% of the capital investment and 50% of the unit production costs. Therefore, the influence of key fermentation performance parameters on these costs was thoroughly investigated via sensitivity analysis. Although the benchmark process values were defined based on current published findings, the aim of this analysis is to determine a new set of target process values for an intensified process that can serve as an ambitious yet achievable and realistic goal for future developments within this field.



More specifically, a sensitivity analysis of the acetate productivity and the acetate concentration was performed while keeping the throughput constant. The input process values used for the sensitivity analysis range from 30 to 60 g/L and from 1 to 6 g/L/h. The lower values represent the benchmark process, whereas the higher values were determined based on the highest values published to date for acetate production from gases. Notably, these upper values have so far only been obtained in distinct fermentation processes (59 g/L at 0.8 g/L/h and 18 g/L at 6 g/L/h) [8]. This can be explained by the aforementioned inhibition of acetate at high concentrations, resulting in a trade-off between acetate productivity and concentration. However, this could be alleviated by metabolic advances increasing the acetate tolerance of acetogens, as well as enhanced process design and control, including specialized industrial equipment [39]. The unit production costs resulting from the simulations of the various process scenarios are presented in Figure 3.



The unit production cost drops significantly when increasing the acetate productivity and acetate concentration, with both having a maximal singular effect of 0.90 USD/kg or a 32% cost reduction. It is important to acknowledge that process changes were performed by adjusting the input values without considering any variations in performance that might arise, such as differences in gas transfer or other transport phenomena. This is especially important for the gas-to-acetate fermentation process, as the rate of acetate production is gas transfer limited at high biological activities [22]. Nevertheless, the bioreactor with an airlift design used for this fermentation is known for its high mass transfer performance. A CO transfer of up to 8 g/L/h has been reported, which would support acetate production up to 4 g/L/h (Equation (2)) [23]. In addition, the increased operating pressure of 8.5 bar also improves the gas transfer [40]. For example, for ethanol production from syngas, the productivity was doubled when increasing the pressure to 5 bar [41].



For both acetate productivity and acetate concentration, the cost decrease stagnates towards the upper values. This cost trend can be attributed to the reduction in the required reactor volume, as presented in Figure 4. Indeed, an increasing acetate productivity and acetate concentration lead to a decrease in the number of required gas-to-acetate and acetate-to-SCP bioreactors, respectively, for the same product output. The latter can be explained by the fact that a higher acetate concentration also leads to a higher C. necator biomass concentration, which in turn results in higher productivity when the specific growth rate remains constant.



The sensitivity analyses revealed that the initial process intensification advances will mainly yield the greatest economic gain, primarily due to the significant reduction in the number of required bioreactors. Since the facility-dependent costs constitute the vast majority of the total unit production cost, this explains the corresponding cost reduction. Based on these insights, the target values for the intensified process model were defined as listed in Table 3. By setting the acetate productivity at 4 g/L/h, only three airlift bioreactors are required. Further process intensification to 5 g/L/h would not lead to a further decrease in this number. Similarly, the acetate concentration was set at 45 g/L, reducing the number of CSTRs to three as well.



For the intensified process model, the capital investment and unit production costs amount to USD 175 million and 2.78 USD/kg, respectively, resulting in a reduction of 55% and 67%, respectively. The impact of this intensified process model for each process section can be observed by comparing Figure 2 with Figure 5. As expected, a great decrease of 0.83 USD/kg and 0.23 USD/kg is observed for the gas-to-acetate and acetate-to-SCP fermentations, respectively. Furthermore, targeting a higher acetate concentration reduces the amount of water required for medium preparation, resulting in a cost reduction of 0.22 USD/kg. As resources are used more efficiently, energy demand and wastewater generation decrease, resulting in a reduction of the anaerobic digestion and wastewater treatment costs.




3.4. Towards Commercialization


3.4.1. (Dis)Economy of Scale for a 3G Biorefinery


The impact of production scale on the unit production cost and capital investment for both the benchmark and intensified processes are displayed in Figure 6. The economy of scale is visible in the reduction of the unit production cost towards higher production volumes, where fixed costs are spread over a larger number of units. The curve flattens near the end as this benefit becomes relatively smaller. For example, for the intensified process model, a production increase of 5000 Mton/y, corresponding to an additional capital investment of around USD 33 million, leads to a unit cost reduction of 5.2%, from 20,000 to 25,000 Mton/y, whereas this reduction is only 1.6% for 40,000 to 45,000 Mton/y.



Potential disadvantages of increasing production scale, known as diseconomies of scale, should also be considered. For a biorefinery, these disadvantages are often related to feedstock availability, which is especially important when establishing 3G biorefineries using gaseous feedstocks. In this case, a smaller facility offers the benefit of seamless integration at the manufacturing site of another plant emitting industrial off-gas. A notable example is the commercial Steelanol plant, which uses Lanzatech’s technology to produce ethanol from BOF gas and comprises four airlift bioreactors directly connected to the steel mill of Arcelor Mittal in Belgium [5]. In a hypothetical scenario where these four 500 m3 bioreactors would be repurposed for the production of acetate and coupled with four 300 m3 CSTRs, the SCP production scale would amount to 25,000 Mton/y for the intensified process. In this case, the unit production cost and capital investment would amount to 2.58 USD/kg and USD 208 million, respectively. Moreover, in addition to steel mill off-gas, other off-gases can also be used, including fermentation off-gas. As such, this coupled fermentation facility could be integrated into an existing biorefinery, thereby increasing its overall feedstock conversion yield [42].




3.4.2. Introducing Off-Gas-Derived SCP Feed to the Market


By applying the intensified process model, the SCP production cost could be reduced from 4.15 to 2.78 USD/kg. Despite this 33% cost reduction, this remains higher than the current selling prices of competing products, such as fish meal (1.79 USD/kg). However, to make a fair comparison, several other aspects of off-gas-derived SCP should be considered in relation to traditional protein sources. Firstly, SCP produced via the proposed coupled fermentation process offers a more sustainable route. The environmental impact of the current plant and animal protein production industries, involving deforestation, biodiversity loss, and GHG emissions, renders them inadequate to meet the escalating needs of the growing global population [43]. In contrast, the production of SCP in bioreactors is highly efficient in its use of resources such as energy, water, and land [15]. Secondly, CCU of industrial off-gas is not only environmentally favorable but is also economically beneficial, as carbon taxes and emissions trading systems (ETS) are spreading and rising [44]. Thirdly, recent studies focusing on the nutritional quality of C. necator SCP for feed purposes appear highly promising, even showing positive effects for growth using SCP in the diets of fish and shellfish, amongst others [45].



Taking into account the merits of off-gas-derived SCP compared with traditional protein sources, a higher selling price could be justified, thereby offering an economically attractive path toward commercialization. For example, assuming a 20,000 Mton/y production facility that implements the intensified process model and sets the selling price at 3.00 USD/kg, the estimated return on investment is 8.4%, corresponding to a payback time of 12 years. Finally, the market is rapidly expanding as the protein demand keeps on growing and attention is increasingly drawn to SCP. According to current projections, the market value of SCP is expected to triple by 2030, reaching USD 18.5 billion [46,47]. Hence, there is an urgent need for innovations that can fill this gap, and the proposed route for off-gas-derived SCP via acetate shows great potential in this context.






4. Conclusions


A detailed analysis of the techno-economic aspects associated with the implementation of a coupled fermentation approach using acetate as the intermediate for SCP feed production from industrial off-gas was presented. The cost analysis of the benchmark model disclosed a unit production cost of 4.15 USD/kg, primarily attributed to facility-dependent costs. Sensitivity analyses demonstrated that significant cost reductions can be achieved by optimizing the gas-to-acetate fermentation process, as this particularly decreases the required number of bioreactors. Elevating the acetate concentration and acetate productivity to 45 g/L and 4 g/L/h, respectively, could reduce the unit production cost to 2.78 USD/kg.



In conclusion, this research contributes to a better understanding of the techno-economic viability of a large-scale 3G biorefinery utilizing a coupled fermentation process with acetate as the intermediate for SCP production. The results highlight the key factors influencing production costs and lay the foundation for further research and optimization of the acetate platform. By providing concrete targets and identifying related research needs, this study paves the way for future advancements and explorations within this field, fostering sustainable and techno-economically feasible bio-based innovations.
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Figure 1. Simplified block flow diagram indicating the eight process sections. The material flows and dimensions of the main unit operations, including process tank volumes as well as membrane and heating surface areas are given for the benchmark process. 
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Figure 2. Breakdown of the unit production cost and capital investment per process section for the benchmark process. 
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Figure 3. Impact of increasing acetate productivity and concentration on the unit production cost. 
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Figure 4. Nominal reactor volume (lines) and number of reactors (bars) required for (a) the gas-to-acetate fermentation depending on the attained acetate productivity and (b) the acetate-to-SCP fermentation depending on the attained acetate concentration. 
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Figure 5. Breakdown of the unit production cost and capital investment per process section for the intensified process. 
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Figure 6. Effect of the production scale for the benchmark and intensified process models on the unit production cost and capital investment. 
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Table 1. Benchmark process values for the gas-to-acetate fermentation.
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	Fermentation Parameter
	Benchmark Process Value





	Biomass concentration
	10.0 g/L



	Biomass productivity
	0.1 g/L/h



	Acetate concentration
	30.0 g/L



	Acetate productivity
	1.0 g/L/h



	Residence time
	30.0 h










 





Table 2. Benchmark process values for the acetate-to-SCP fermentation.
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	Fermentation Parameter
	Benchmark Process Value





	Biomass concentration
	14.0 g/L



	Biomass productivity
	2.0 g/L/h



	Residence time
	7.0 h










 





Table 3. Intensified process values for the gas-to-acetate and acetate-to-gas coupled fermentations.
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	Process section
	Fermentation Parameter
	Intensified Process Value





	
	Biomass concentration
	14.6 g/L



	
	Biomass productivity
	1.3 g/L/h



	Gas-to-acetate fermentation
	Acetate concentration
	45.0 g/L



	
	Acetate productivity
	4.0 g/L/h



	
	Residence time
	11.3 h



	
	Biomass concentration
	21.3 g/L



	Acetate-to-SCP fermentation
	Biomass productivity
	3.0 g/L/h



	
	Residence time
	7.0 h
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