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Introduction: Fermentation-produced protein (FPP) is gaining global interest as a means of protein production with potentially lower cost and environmental footprint than conventionally-produced animal-sourced proteins. However, estimates on the potential performance of FPP vary substantially, limiting assessment of its scalability and utility.

Methods: We integrate life cycle analysis data with nutritional and economic data in an interactive online tool, simulating the requirements and consequences of fermentation at a globally-relevant scale.

Results: The tool demonstrates that production of an additional 18 million tons of protein annually via fermentation (~10% of 2020 global consumption) would necessitate 10–25 million hectares of feedstock cropland expansion/reallocation, utilize up to 1% of global electricity generation, produce 159 million tons CO2 equivalents, and have a total process input cost of 53.77 billion USD, with a negligible impact on nutrient supply beyond protein.

Discussion: This tool should be used to inform the debate on the future use of fermentation in the food system.
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1 Introduction

An increasing global population raises the challenge of how we adequately nourish people in the future without exceeding the capacity of the planet to support food production and all other forms of human activity. It has been suggested that the world needs to produce 70% more protein by 2050 to meet the needs of the future population (High Level Expert Forum, 2009), although this figure may be confounding demand with nutritional requirement, since other analyses have shown that current protein production is sufficient to meet global requirements for both total protein and essential amino acids, even when adjusted for protein quality (i.e., the digestibility and amino acid composition of different protein sources) (Smith et al., 2021). However, many populations already have insufficient quality protein intakes to meet requirements for all amino acids, owing to inequities in access (Moughan, 2021; FAO et al., 2022), and tackling the resulting undernourishment will require changes to food production systems (FAO et al., 2022). Increasing the affordability and local availability of protein supply will be vital in addressing these challenges, although the ideal source of this protein is the subject of debate.

Food production at the global scale is associated with harmful environmental impacts, necessitating the development of sustainable sources of food. One technology that has received substantial research and capital investment is the production of food proteins or lipids by “precision fermentation” (Te Puna Whakaaronui, 2022). Investment in these technologies has been associated with claims of improved comparative environmental performance—primarily lower greenhouse gas (GHG) footprints—compared with the traditional livestock products they are intended to replace (Tubb and Seba, 2019; Järviö et al., 2021; Perfect Day and WSP, 2021; Behm et al., 2022). There have also been reports that have extended to other environmental impacts, such as energy use, land use, and the production of other pollutants, but these have most commonly focused on meat produced via cellular agriculture (Sinke et al., 2023). Moreover, the nascent nature of this technology has led to diverse estimates for its impact, usually on a relatively small scale compared to traditional livestock.

A recent framework assessed the GHG and water footprints of using precision fermentation for the manufacture of the dairy whey protein beta-lactoglobulin (β-lac) (Behm et al., 2022). β-lac was an apt case study, due to its relatively simple structure and broad use and functionality as an ingredient in the food industry, and whey is the focus of existing commercial fermentation efforts (Perfect Day and WSP, 2021). The research assessed outcomes in a range of locations worldwide and showed that the GHG footprint was strongly dependent on the characteristics of the local electricity supply and the chosen carbon source (Behm et al., 2022). With high fermentation performance and a predominantly renewable electricity supply, footprints were comparable with dairy protein produced by traditional means.

Here, we build on this work to provide an expanded context for these technologies, assessing the impact of large-scale deployment of precision fermentation on global nutrition (beyond solely protein supply), the primary production and subsequent processing of the simple carbohydrates used to fuel first generation fermentations, the physical processing equipment requirements for the fermentation and downstream processing, and a consideration of key operational costs. We have incorporated this information into a computer model that is accessible through the Sustainable Nutrition Initiative® website (www.sustainablenutritioninitiative.com), which enables users to modify a wide range of parameters related to the raw material, fermentation, post-fermentation processing and utility supplies to explore the impact and overall viability of fermentation for large scale food ingredient production.



2 Materials and methods

The foundation for this research was the work of Behm et al. (2022). Readers are referred to this publication for full details of the precision fermentation process underlying the computational model presented here. Briefly, the process considers the production of β-lac by genetically engineered Trichoderma reesei, an industrially proven combination for fermentation-produced protein (FPP) (Perfect Day and WSP, 2021). The “cradle to gate” analysis considers the supply of raw materials for the fermentation, energy production and use, and the processing of produced materials to a final product comparable to isolated dairy protein. Given the paucity of data for large-scale FPP, the authors made several assumptions for fermentation parameters based on similar processes.

In this paper, we describe the development and results of our own extensions of the work of Behm and colleagues, and its incorporation into an online, accessible computer model. The model is linear in nature, with all inputs and outputs scaling linearly based on the protein production set by the user, subject to the specific prices, footprints, and protein structure relevant for the user inputs. Figure 1 gives an overview of model calculation methodology.


[image: Figure 1]
FIGURE 1
 Schematic of model calculation methodology. User inputs (shown in blue) are total protein production, along with various parameters for fermentation performance and inputs. The model outputs (shown in gray) are calculated linearly from the connected inputs.



2.1 Land use

Fermentation processes require sources for each of the elements that make up the products they produce and the biomass of the production organisms themselves. The major components of this are carbon, nitrogen, hydrogen, oxygen, and sulfur. First generation fermentations use a simple carbohydrate source such as glucose or sucrose as the primary carbon and biological energy source. Nitrogen and sulfur come from ammonia and sulphuric acid respectively.

Sucrose or glucose can be produced from a range of base food commodities: by direct extraction from juice (sugar beet or sugar cane), or by hydrolysis of starch (various grains or tubers). Information on the global average yield of these processes is available from the FAO (1997), and the post-harvest loss and seed use of the base commodities can be obtained from the FAO Food Balance Sheets (FAO, 2023). These enable back calculation of the amount of primary commodity required to provide a specified amount of carbohydrate for the fermentation.

For example, initial processing of sugar beet has a yield of 14 tons of raw sugar per 100 tons of beet, and the refining process a yield of 94 tons of refined sucrose per 100 tons of raw sugar, giving an overall yield of 13.2 tons of sugar per 100 tons of beet. Thus, 1 million tons of sugar would require production of 7.6 million tons of sugar beet.

The land required to produce the primary crop can then be estimated using the method of Smith et al. (2022), which uses the range of global yields to determine the land requirements under average (mean of global production), low (mean of poorest yielding 50% of production), and high (mean of highest yielding 50% of production) yields of the base crops.



2.2 Emissions

Behm et al. (2022) included consideration of the contribution of transport emissions for the fermentation feed material as part of the overall footprint. For most of the scenarios studied these were a comparatively minor portion of the overall emissions: at most 3% of net emissions [0.17 kg CO2-equivalents (CO2e) of 5.5 kg CO2e total]. In this work, transport emissions have been omitted.

Emissions related to process inputs, such as carbohydrate source and ammonia, were inferred from Behm et al. (2022). Emissions related to energy use by the fermentation process itself are described below.



2.3 Electricity use

Fermentation processes require considerable amounts of energy (in the form of electricity) to agitate the fermenters, provide adequate supply of oxygen (usually as compressed air) to maintain aerobic conditions, provide cooling, and to operate the downstream processes required to convert the fermenter output into food grade ingredients. As noted by Behm et al. (2022), the scope 2 emissions associated with the electricity supply are a major part of the overall product footprint.

The GHG footprint of electricity production varies considerably around the world based on the production mix of the electricity grid. For this work the footprints of different electricity generation systems were taken from the World Nuclear Association (2022). National values for three example countries (Australia, New Zealand, and the United States) were calculated using these figures and data on the share of production by each generation type (see Supplementary material). These countries were included in the analysis of Behm et al. (2022) and have very different electrical generation profiles: Australia is heavily dependent on coal, New Zealand has a high portion of hydroelectricity, and the United States is a larger economy with an intermediate generation profile, thus they show a useful range of possible footprints.



2.4 Process heat

Production of dried food ingredients requires significant quantities of heat. Generally, this is sourced from the combustion of fossil fuels (coal, oil, or natural gas) or biomass, with the associated GHG emissions from the use of these fuels. An alternative approach is providing process heat using electricity, which in a low GHG footprint electricity grid could yield lower product footprints than combustion of either fossil fuels or biomass. This option was included in the model with a default efficiency of 99% and the cost and GHG emissions determined from the selected electricity supply.



2.5 Protein type

Much of the work on FPP has focused on the production of whey proteins, particularly β-lac, the major protein in bovine whey. This is sensible, as β-lac in undenatured form is water soluble, has a modest chain length, does not have an overly complex structure, has a good mix of essential amino acids (AA), is produced in nature to be a food protein, and is used in a variety of food products. However, fermentation can be used to produce a wide range of proteins.

The type of protein being produced will affect the fermentation in several ways. The simplest to model is the impact of the AA sequence on the stoichiometric requirements for the component atoms. This can be determined directly from the AA sequence and the molecular formulae of the AA themselves. The protein selection will also affect the nutritional properties of the product based on the AA content and the relative digestibility of these. The current model can take information on a variety of proteins to provide a range of options for the user, with β-lac and as1-casein provided as initial options.

The stoichiometry used by Behm et al. (2022) corresponds to an AA sequence that includes the signal sequence (SS) as well as the β-lac protein itself. This sequence is 16 AA longer and results in a slightly different ratio of AA and atoms than the protein alone. The final fate of the SS—which is required as part of the assembly of the protein, but not for the final function—has an impact on the efficiency of the system. The approach we have considered is that the signal sequence is detached from the protein within the cells and reused by the cells or remains as part of the cell biomass at the end of the fermentation. The stoichiometry of the fermentation is therefore based on the protein AA sequence without the SS.



2.6 Process costs

At an early stage of development, it can be difficult to predict the final cost of products produced by new technologies—especially as related to the capital, maintenance, and labor costs as these are strongly scale dependent. However, it is possible to set lower boundaries based on process inputs such as ingredients and electricity, which have a fixed price per unit giving a linear response to scale. In the case of FPP, major inputs include the carbohydrate source, ammonia, electricity, process heat, and water. This is not an exhaustive list as there will also be a sulfur source, corn steep liquor, cleaning chemicals, and wastewater treatment. By applying relevant prices to the supply of the five inputs currently included in the model we can establish a lower boundary for the process costs that, even if all other costs were zero, would set a minimum cost for the resulting protein ingredient. For the examples in this paper, we originally calculated prices in New Zealand dollars (NZD), before converting to United States dollars (USD) using 1 NZD = 0.6 USD (November 2023 exchange rate).

Costs for sugar, water, ammonia, and natural gas were obtained from various government and industry sources (Watercare, 2022; Index Mundi, 2023; MBIE, 2023).



2.7 Process equipment size

The cost of processing equipment has a non-linear relationship with plant size. This is a combination of the effect of the square-cube law (only 4 × the surface area is needed to enclose 8 × the volume) and distributing the cost of a fixed amount of instrumentation and control equipment across a larger capacity. This provides a significant scale advantage, which promotes larger unit sizes. However, there is a point at which further increases in physical size becomes impractical and further scale is achieved by increasing the number of standard size modules. For example, spray driers for the manufacture of milk powder have reached an effective maximum unit size of ~30 tons of product per hour, this being a good compromise between the economies of scale and operational practicality (Eagle, 2021). Maximum sizes for the major process components have been set as follows:

• Fermenters–300 m3 liquid volume

• Ring driers–10 t/h water evaporation

• Spray driers–30 t/h water evaporation

The filtration plant is typically less scale dependent than the process items above once commercial scale modules have been attained. The key sizing variable is the filter (or membrane) area. The size of the filtration processes within the post-processing have been estimated by setting a value for the average permeate flux over the entire operating cycle of the filter (including cleaning and other downtime) to determine the total area required.
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3 Results


3.1 Interactive tool

Using recently published life cycle analysis data (Behm et al., 2022), publicly-available emissions, commodity pricing and electricity production data (Supplementary material), in combination with previously developed cropland and global nutrition modeling (Smith et al., 2021, 2022), we have developed an interactive model which allows users to investigate the inputs, outputs, and resource footprints of fermentation at scale. The tool can be accessed at www.sustainablenutritioninitiative.com. The tool was constructed as a simple linear representation of the fermentation process as described and parameterized by Behm et al. (2022), with all inputs, outputs, and footprints scaling linearly with the user-defined protein production amount. This tool allows interested users to simulate the production of various protein species via fermentation, at a scale relevant to global nutrition. Part of the user interface is shown in Figure 2.


[image: Figure 2]
FIGURE 2
 User interface of the interactive FPP tool.




3.2 Global scale use

To demonstrate the functionality of this model, here we investigated the scale of operation required to produce 18 million tons of target protein, which would be approximately equivalent to 10% of global food protein consumption in 2020.

Fermentation parameters comparable with previously published work Behm et al. (2022) were selected for this demonstration, and are listed below. Note that these values are adjustable in the interactive tool.

• Target protein as a percentage of the non-cellular protein produced by the fermenter = 90%

• Carbohydrate carbon converted to CO2 = 50%

• Final protein concentration at the end of the fermentation = 50 g/L

• Final cell biomass concentration at the end of the fermentation = 30 g/L

• Protein recovery in the post fermentation processing = 97.5%

If using sucrose, this gives an effective yield of 1 kg of β-lac for every 4.4 kg of sucrose used in the fermentation. The final ingredient will also include 0.11 kg of non-β-lac fungal protein. There is also a by-product containing 0.69 kg of fungal biomass and unrecovered protein.


3.2.1 Impact of carbohydrate source on land area

The type of carbon source selected to act as the feedstock for the fermentation impacts the area of cropland required. Table 1 shows the model results for four different feedstock crops.


TABLE 1 Cropland footprint of producing 18 million tons of protein via fermentation using various carbon sources.

[image: Table 1]

While maize would be the most efficient crop to use in terms of total crop mass required, from a land area perspective, the use of sugar beet would be more than twice as efficient as maize or potato at global average yields. However, it is also important to consider this from a feasibility of expansion perspective. Production of the necessary amount of sugar beet would require a 226% increase in sugar beet production. By contrast, only a 13% increase or reallocation of maize production would be necessary owing to the far greater extent of current global maize production.



3.2.2 Impact of electricity and process heat source on GHG footprint

The GHG footprint of FPP is strongly dependent on the energy source for the electrical power and heat necessary for its production, particularly during drying stages. Table 2 shows the model results for GHG emissions when production is based on sucrose derived from sugar cane.


TABLE 2 GHG footprint of producing protein via fermentation assuming the electricity generation profile of three example countries and three process heat sources.

[image: Table 2]

New Zealand has the lowest footprint irrespective of process heat source owing to its largely renewable electricity generation, while Australia has the highest. Use of electricity to provide process heat is only optimal when the average footprint of the electrical grid is below the direct footprint of providing process heat from natural gas (the lower of the fossil fuel sources). At 54 kg CO2e/GJ for natural gas, this equates to an electricity footprint of 194 t CO2e/GWh, which in this example was only possible in New Zealand. In Australia and the United States, natural gas would be a more emissions-efficient source of process heat.

The electricity required can be compared with the national electricity supply of countries to provide a point of reference. In this scenario, the total electricity requirement would be 150 TWh/year, which is 57% of Australia's 2018 electricity generation (261 TWh), or 3.6% of US generation (4,178 TWh) in the same year, or 0.56% of global generation. Using electricity to provide process heat increases this to 253 TWh/year, equivalent to almost all Australian generation in 2018, and 0.95% of global generation.



3.2.3 Major operational costs

Table 3 summarizes the major operational costs for production of 10% of global protein supply per year using the default conditions in the US and sugar cane as the carbohydrate source.


TABLE 3 Inputs, costs, and emissions of producing 10% of global protein supply via fermentation.

[image: Table 3]

For context, total GHG emissions from all sources in 2021 were 54.59 billion tons CO2e (Ritchie et al., 2020), so FPP as simulated here would constitute 0.3%. Agriculture and related land use change accounted for 9.3 billion tons in 2018 (FAO, 2020), making this FPP scenario equal to ~1.7% of all agriculture.

As noted elsewhere (Behm et al., 2022), the emissions per ton of protein product are of the same order as conventional whey protein isolate (WPI), with the more efficient of the two largely dependent on country of production.



3.2.4 Major capital items

Significant infrastructure is necessary to produce FPP at the rate necessary to achieve 18 million tons per year. Supplementary Table 4 captures the scale of this infrastructure as calculated by the model. The model finds that 22,800 300 m3 fermenters, 319 ring driers and 228 large spray driers would be necessary to support this quantity of FPP production.

To put this is context, global whole milk powder (WMP) production was 3.97 Mt in 2020 (FAO, 2021). This is spray dried from ~50% solids in spray driers, giving a total water evaporation similar to the amount of product produced (3.97 Mt/yr). At 18 Mt scale, FPP production would require spray drying capacity at around 15 times the amount currently used for WMP.



3.2.5 Implications for nutrition

To understand the nutritional context of FPP production and consumption, we drew estimated global energy, protein, and lysine (the first limiting AA in global supply) requirements of the 2020 population from the DELTA Model® (Smith et al., 2021), noting that it is only to protein, amino acid, and energy supply that FPP would contribute in this scenario. This model estimates 2020 global surpluses of these nutrients of 26, 42, and 70%, respectively.

If the feedstock for the fermentation were maize glucose, and this maize was sourced from the reallocation of existing production (rather than increased production), the impact would be broader than simply protein and energy. Table 4 details the results of this reallocation for global nutrient supply. These results are based on the total protein product including co-products of the fermentation, which make up 10% of the dry protein content of the final ingredient. Maize was chosen for this simulation as it would have a greater impact than either of the sugar crops considered. Potato could have been used, but as shown in Table 1, current global potato production would be insufficient to produce this amount of FPP, even with complete reallocation to this use.


TABLE 4 Impact on global nutrient supply of diverting maize from current uses to produce an additional 10% of global protein supply via fermentation.

[image: Table 4]

The reallocation would have a relatively minor impact on the availability of all nutrients other than protein and the amino acids. The increase in lysine supply would be substantially greater than the increase in protein supply, due to the relatively high lysine content of β-lac.




3.3 Sensitivity analysis

A previous publication performed a sensitivity analysis of their model conclusions based on realistic variations in key model parameters, reporting the sensitivity of emissions and water use estimates to these values (Behm et al., 2022). We used a similar approach for cropland footprint and cost, analyzing the impact of variations in final titer, CO2 selectivity, final fungal biomass amount, and percentage of protein recovered in microfiltration (Table 5).


TABLE 5 Sensitivity of cropland footprint, carbohydrate to protein conversion ratio, and process cost to variations in selected model parameters.

[image: Table 5]

We did not include the sensitivity of nutrient supply due to reallocated crops as these were negligible in the default scenario. Fermentation time was also omitted from the sensitivity analysis as this only affects the number of fermenters required to achieve the target production. In this respect, overall cycle time (fermentation time and turnaround time) is more relevant, but not captured in this model.

Of the outputs analyzed, the cropland footprint was most sensitive to the fungal biomass, CO2 selectivity, and final titer parameters (up to 43% increase or 24% decrease in cropland estimate possible using the variations in Table 5). These parameters also had the greatest impact on the conversion ratio of carbohydrate to protein (up to 43% increase or 26% decrease). Cost was also sensitive to these parameters (up to 55% increase or 22% decrease), and to a lesser degree to changes in the sugar price (±12%). Protein recovery rates and ammonia price made a maximum 3% difference to all output estimates.




4 Discussion

In this paper, we have extended previous work to include the inputs, outputs, resource footprints and nutritional implications of FPP production at scale. This involved the inclusion of cropland footprints for various feedstocks, the impact on global nutrient supply, and contextualizing resource use, economic costs, and emissions of large-scale FPP production. By developing an interactive tool to make these analyses accessible to all, we hope to stimulate greater dissemination and understanding of the utility and implications of FPP among technologists and policy makers.

Our analysis describes a scenario in which FPP is used to produce protein equivalent to an additional 10% of 2020 global protein supply. Achieving this target required an increase or reallocation of 10–25 million hectares of cropland to provide feedstock for the fermentation, up to 1% of 2020 global electricity generation, would produce 159 million tons CO2e annually, and have a minimum process input cost of 53.77 billion USD per year (2,986 USD per ton protein). Beyond increasing protein and amino acid supply, meeting this target would have a minor impact on net nutrient supply.

The core goal of FPP production at scale is to provide a more sustainable protein supply. Previous work established that, with some variation based on location of production, the environmental impacts of FPP would likely be comparable to conventional production of WPI (Behm et al., 2022). Economically, we find that the consumables involved in FPP production would amount to 2,986 USD per ton. This should be seen as a lower bound, as it excludes costs related to capital, labor, cleaning, waste management, etc. There would also be further costs associated with incorporating the produced β-lac (a powder ingredient) into consumer foods, which could be achieved in diverse ways and as such was beyond the scope of this paper.

The sensitivity of the model to changes in the input parameters must also be acknowledged, and it is notable that process costs were the most sensitive. This is important, as the economic viability of FPP will be a key factor in deciding its ultimate place in the global food system and remains the topic of much debate (Tubb and Seba, 2019; Te Puna Whakaaronui, 2022; Good Food Institute, 2023). As FPP production increases over time, greater detail on as-yet uncertain parameters will allow for more precise estimates at the global scale, and for the inclusion of additional model outputs, such as area of land under facilities.

The implications of FPP for the social aspects of sustainability are more difficult to quantify. However, the implications for employment, value distribution, cultural traditions, and animal welfare should all be considered (FAO, 2018). Nutritionally, FPP can produce high quality protein, presumably nutritionally equal to purified protein powders available currently. However, a single protein is the sole product of this process, and would need to be combined with other materials and foods to form part of a complete diet.

Previous analyses have estimated a current global protein surplus (Smith et al., 2021; Lividini and Masters, 2022). However, ~800 million people were hungry in 2021, particularly in lower income economies, in part owing to low protein availability and affordability challenges (FAO, 2022; FAO et al., 2022). The potential for FPP production to address protein deficits, or cater to protein-replete consumers should be carefully investigated, from both an affordability and access perspective.

Perhaps more importantly, the extent of micronutrient deficiency is far greater and more widespread than insufficient protein intakes (Beal et al., 2017; Stevens et al., 2022). FPP will only address this challenge through combination with other materials and/or foods. By contrast, the use of fermentation to produce vitamins in shortfall for specific populations does have the potential to fill these gaps, and the technology is already widely used (Saubade et al., 2017; Calvillo et al., 2022; Rohner et al., 2023). Prioritization of fermentation technology development based on nutritional need would favor these applications over protein production.

Our analysis assumed that the feedstock for fermentation would require additional production or use reallocation of current food crops. It may be possible that alternative feedstocks may be used in the future, including simpler molecules than sugars, novel crops, or crop by-products (Lips, 2022; Zhang et al., 2022). These feedstocks are not ready for application at scale but may result in reduced footprints and costs for fermentation in the future.

We have focused on dairy proteins, and not the many other proteins that can be produced via fermentation, reflecting the availability of data and expertise. However, other proteins, particularly meat proteins, have received much recent attention. Recent publications have provided different estimates on the environmental impacts of “cultured meat” at scale (Derrick et al., 2023; Sinke et al., 2023), which reflects the challenges of obtaining accurate data for such an emerging technology in a competitive space. How meat proteins produced via mammalian cell culture will be converted into consumer-ready products (e.g., via combination with plant material) is also unclear, and would have a determining role in the environmental, economic, and nutritional implications of the food.

Also challenging to predict are the impact of factors like protein structure, solubility and biological function on the fermentation and post-fermentation processing. For example, proteins with anti-microbial effects, such as lactoferrin (Lu et al., 2021), will require quite different model parameters. Use of the model for proteins other than β-lac should be informed by experimental data on the fermenter performance and the operation of the downstream separation processes. Once the parameters for other proteins have been determined, it will be possible to incorporate them into the tool produced here.

FPP has been presented as a partial solution for the sustainability challenges faced by the global food system. Several studies with widely differing conclusions have now been published, particularly focusing on the environmental implications. However, sustainability also has economic and nutrition dimensions. Here, we have extended recently published research on the environmental impacts of FPP, and added cost and nutrition data and unified these aspects into an interactive online tool. Use of the tool by industry and policy stakeholders will allow visualization of the characteristics of FPP at scale, to guide thinking, discourse, and decision making on this technology.
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