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Abstract


The market for plant-based analogs for meat is growing exponentially. In addition to motivations related to the search for health benefits, the consumption of such products is justified by the sustainability of their production since the use of non-renewable resources and the emission of polluting gases is lower than their animal-origin equivalents. However, little information regarding the global panorama of the sustainability of plant-based meat analogues is available, mainly due to the diffuse distribution of food matrices used across the planet. In this sense, this narrative review aimed to describe the state of the art regarding the use of resources and sustainability of the inputs used as protein sources in the manufacture of plant-based meat analogues. From the review carried out, it was possible to observe that the biggest problem in producing these plant-based alternatives lies in using inputs that are not native to the countries where the products are marketed, especially in the case of South American countries. Ingredients widely used in the production of these analogues find better cultivation conditions in the northern hemisphere, as in the case of lentils, peas and chickpeas; thus, South American markets depend on imports, reducing the sustainability of the products.
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1. Introduction


Currently, there is a need to adopt containment measures for the imminent climate crisis, whose global effects are already notable [1,2]. The crisis related to global warming is characterized as the leading public health emergency of the 21st century, as it directly affects the health of populations and their quality of life as a whole [3].



Recent data shows that concentrations of polluting gases such as carbon dioxide, nitrous oxide, and methane are the highest ever recorded, directly affecting atmospheric warming and subsequent global temperatures [4]. Such warming, in turn, affects not only basal temperatures but also oceans, affecting the global climate and resulting in natural catastrophes such as droughts, floods, and extreme temperature events [5,6,7].



Several human interventions result in the emission of polluting gases, with the use of fossil fuels in transportation and energy generation activities being the leading emitter [8,9]. However, it is worth highlighting that the food industry plays a significant role in contributing to the emission of polluting gases, especially in the context of producing food of animal origin [10].



Global agrifood systems are consolidated as the second largest factor responsible for the emission of polluting gases, responsible for one-third of all anthropogenic greenhouse emissions [10]. According to the latest Food and Agriculture Organization (FAO) report in 2020, gas emissions from agrifood systems reached the mark of 16 tons of carbon dioxide equivalents (CO2eq), showing a significant increase of 9% since the year 2000 [10,11].



Within the context of the agriculture-based food system, there are several activities with consequent emissions of polluting gases, such as farmgate, livestock farming, and deforestation to grow plantations aimed at feeding the animals, in addition to pre- and post-food production processes [12]. Considering all the processes involved, data demonstrate that the production of bovine beef emits between 1 kg and 20 kg of CO2eq/kg, while chicken meat production emits between 1 kg and 12 kg of CO2eq/kg and chicken eggs 1 to 6 kg of CO2eq/kg [10,11].



Another problem is related to the use of water in meat production [13]. Currently, data demonstrate that to produce 1 kg of meat, 15 thousand liters of drinking water are needed, considering all the production stages involved, such as feeding and waste management [13,14]. In this sense, the growth in plant-based analogs stands out, mainly within the context of foods that mimic meat products [15].



The plant-based diet is characterized as a diet where products of animal origin are totally or mostly excluded from the diet of individuals [16]. Although there is no data on the prevalence of adopting this diet globally, this movement is showing substantial growth, driven by the search for health benefits, appreciation of animal welfare and the adoption of more sustainable eating habits [17,18].



The global market for plant-based meat analogs is growing prosperously, with current values of around USD 1.6 billion, with projected growth of up to USD 3.5 billion by 2026 [19]. However, it is also important to verify the issue surrounding the inputs used in the production of these plant-based meat analogs. In a previous study evaluating the ingredients used in plant-based meat analogs worldwide, the most used cultivars in the production of these products were soybeans, wheat, peas, chickpeas, and beans, respectively [20]. In this sense, given the varied availability of resources for the production of these analogs in the world, export stands out as necessary to meet production demands, a process that involves the ostensible use of non-renewable resources and the emission of pollutants [21,22].



Therefore, considering the sustainable development objectives stipulated by the United Nations (UN), although plant-based products are globally more sustainable than animal-products production, there is a gap in knowledge regarding the real sustainability practiced in the plant-based market [23]. In this sense, we aim to describe the state of the art regarding the sustainability of key ingredients utilized in plant-based meat analogs through a narrative review.




2. Materials and Methods


This study was conducted as a narrative literature review which followed three steps: conducting the search, reviewing abstracts and full-texts, and discussing results. For this, the PubMed, Scopus, Web of Science, Embase, and Science Direct databases were searched to identify the relevant studies, according to the development of the review. The final search was conducted in October 2024. The terms “plant-based”, “meat analogs”, “sustainability”, and “plant-based protein ingredients” were used. After the complete search, the abstracts were read to ensure they addressed the topic of interest. All duplicates were removed, and the abstracts of the remaining articles were reviewed to ensure that they addressed the review inclusion criteria. The eligible criteria were studies that analyzed contained information on the use of resources and ingredients of the primary protein sources of meat analogs. Therefore, the studies of interest focusing on information on the use of resources and ingredients of the primary protein sources of meat analogs commercialized worldwide were summarized and synthesized to integrate the narrative review. Since it is a narrative review, it was unnecessary to document the literature search on specific platforms [24,25].




3. Results and Discussion


3.1. Main Protein Ingredients Used in the Production of Commercial Plant-Based Meat Analogues


Revenue from the market for plant-based meat-based products is distributed differently across the world. Recent data indicate that 38% of all revenue from plant-based foods originates and circulates in North America, specifically in the United States. Following the same reasoning, the European and Australian markets are in second place, while South American countries do not yet have a significant market share [26].



The production of commercial plant-based meat analogs uses several inputs, and in relation to its processing, the predominant technology is the extrusion of isolated vegetable proteins followed by the addition of fat-based ingredients, flavorings, and colorings [15]. It is known that extrusion technology is considered an alternative for the use of grains after the removal of their oils, thus increasing the life cycle of the product, being a more sustainable practice [27].



Regarding the primary protein sources, in addition to contributing to the nutritional content of the products, they are responsible for physicochemical characteristics, such as texture and sensory acceptance.



Table 1 below details the various commercial analogs produced around the world and the overall protein ingredients used as a base matrix.



Not all studies discriminate the frequency of ingredients used by different commercialized products; therefore, quantitative frequency comparison is not possible. Nevertheless, in general, it is noted that soy and its variations are the most used protein source [28,29,30,31,32,33]. Next, peas in the form of concentrated or isolated protein appear as the second most used matrix. Wheat is the third most used protein ingredient. Various legumes (chickpeas, beans, and lentils) and cereals such as oats and buckwheat are used more sparingly [28,29,30,31,32,33].




3.2. Use of Resources During the Cultivation, Processing, and Transportation Phases of the Primary Protein Sources Used in Plant-Based Meat Analogs


In the context of sustainability, such cultivars have different uses of water and emissions of carbon dioxide equivalents depending on the stages of cultivation, processing, or transport. Figure 1 below estimates the values of (CO2eq/kg−1) and water (m3/kg−2) utilized in these different stages by cultivars based on different studies carried out in multiple countries.



Regarding carbon emissions in the cultivation phase, oat and lentil cultivars have the highest values (around 1.3 CO2eq/kg−1), while in pea, wheat, and bean cultivars, those values decrease, with beans being the cultivar with the lowest amount of carbon emissions in this phase of production (around 0.1 CO2eq/kg−1) [34,35,36,37,38,39,40,41,42,43,44].



This difference in the amount of carbon equivalents emitted during this phase is due to each cultivar’s intrinsic and extrinsic characteristics. In the case of beans, it is worth noting that they require fewer agricultural inputs than lentils, wheat, and oats, which reduces the carbon footprint associated with their production [45,46]. These products, in turn, are important emitters of carbon equivalents, such as carbon dioxide and nitrous oxide [47]. Furthermore, beans, being produced mainly in Brazil, find in this region better climatic conditions for cultivation, which significantly reduces their cultivation time and, consequently, their associated carbon footprint [45,46].



This point is crucial for discussing and comparing these data, since most studies that provided data for Figure 1 were conducted in countries where production is significant and substantially contributes to the global market. In this way, it is important to highlight that the comparison offered by Figure 1 has an intrinsic bias related not only to the cultivation of such foods but also to the methodologies used, which can be based on various methods, either based on direct instrumental measurement or estimates by formulas [48,49].



As for water consumption in the cultivation phase, soybeans, which have one of the lowest carbon emissions, have the highest water consumption (2.4 m3/kg−2) [34,35,36,37,38,39,40,41,42,43,44]. In the opposite trend, oats, which emit relevant carbon equivalents in the cultivation phase, have one of the lowest water consumptions in the cultivation phase (2.0 m3/kg−2) [34,35,36,37,38,39,40,41,42,43,44].



The water demand during the cultivation phase depends on the ethnobotanical characteristics of the cultivars. Soybeans use the largest amount of water, and have a long growth cycle (between 3 and 6 months), requiring more water [50]. Furthermore, the flowering and filling phase of the soybean grains, related to the industrial use of the grain, is the phase that requires the most water, noting that insufficient irrigation can compromise productivity [50].



Another point is related to the location where soybeans are grown. In dry climate areas, the use of irrigation is necessary, despite the inefficiency of this method concerning sustainability [34,51].



In the processing phase, chickpeas stand out as one of the most expensive cultivars, in both the contexts of carbon equivalent emissions (5.0 CO2eq/kg−1) and water consumption (11.0 m3/kg−2) [34,35,36,37,38,39,40,41,42,43,44]. It is also noted that in wheat, the processing stage is the stage that demands the most water (10.0 m3/kg−2). Although chickpeas are adapted to semi-arid climates, their processing requires much water due to the threshing phase and their processing for sale, which commonly involves cooking and preserving the grains. However, studies indicate that this cultivar is one of the most sustainable because the low use of resources in other phases compensates for the expense in the processing phase [52].



Also, regarding the use of resources in producing those cultivars, it is important to highlight a methodological concept in assessing the sustainability of the cultivars presented, which is the Life Cycle Assessment (LCA) [53,54]. The LCA is useful for determining a framework for the entire life cycle of a product, highlighting control points that may contribute to interventions that improve its sustainability [53,54].



Regarding the LCA of soybeans, a study highlights how soybeans are more viable from a sustainability perspective in producing isolated protein compared to other sources of animal origin, such as beef, chicken, skim milk, and whey protein concentrate (WPC) [55]. This data is essential since soybeans are the most widely used ingredient in the formulation of plant-based meat analogs [28,29,30,31,32,33]; however, this does not exempt this legume from problems related to deforestation and export (See Section 3.3.1).



In the case of wheat, the LCA points out that improvements can be made regarding the cultivation model, with a study indicating that organic and biodynamic models have a lower environmental impact, mainly due to the reduced use or exclusion of pesticides that results in lower carbon emissions and use of water for detoxification [56].



As for the other cultivars analyzed (peas, lentils, chickpeas, oats, beans, and buckwheat), LCA studies indicate that, in general, these cultivars present practices compatible with sustainable food cultivation, especially in comparison to products of animal origin [57,58].




3.3. Production Context of the Main Protein Ingredients Used


3.3.1. Soy


Soy is the most exported commodity in the world. Brazil is the largest soybean producer in the world (156 million metric tons), and this cultivar is the country’ main export product [59]. Data from 2018 showed that the total plantation area had about 34 million hectares, distributed across several Brazilian biomes, such as the Cerrado, Amazon Forest, and Pampas [34]. As one of the country’s main products, the high value related to the cultivation and export of soybeans stands out, with a value of USD 52.2 billion (in 2019) [59].



Other countries also contribute to global soybean production, such as the United States of America, with production of 113.34 million metric tons in 2023, which corresponds to 28% of world production, as well as Argentina, contributing with 13% of the world’s production [60].



One of the main problems surrounding soybeans is the blatant deforestation caused by installing new plantations [61]. In Brazil, at the beginning of its production, in the middle of the 20th century, the Brazilian Amazon region was the most deforested for soy cultivation. However, current data demonstrate that the area with the highest deforestation rates is concentrated in the Cerrado, in the region called MATOPIBA, comprised of the Brazilian states Mato Grosso, Tocantins, Piaui, and Bahia [61].



The conversion of land related to soybean cultivation has multiple objectives, mainly feeding livestock, producing biofuels, and, less significantly, human food [62,63,64]. The data related to the emission of carbon equivalents and their respective carbon footprint from soybean production are alarming, with values of 0.69 tons of CO2eq per ton of soybeans exported, given that 1/3 of these emissions are all concentrated in the conversion of forests into crop centers [65].



Furthermore, given its economic value, it is common for unsustainable practices to be adopted to achieve greater productivity, with consequent soil depletion and water pollution in its processing stage [50]. In Brazil, environmental preservation entities have made efforts to guarantee the sustainable cultivation of soy, which is called the soy moratorium [34,65]. However, a significant portion of soybean plantations worldwide are not suitable according to the parameters established, thus highlighting problems in the use of soy [34].



In plant-based meat analogs, soy is used in its entirety, and the primary forms of presentation are whole grains, textured protein, isolated protein, and oil [64]. In general, the carbon footprint of fresh grains, extracts, and isolated protein is significantly lower than products of animal origin, presenting values up to 30 times lower than beef [66].



In another study that analyzed both water and carbon footprints, soy burgers presented lower values than their counterparts of animal origin. However, soy is the leading contributor to water consumption regarding the production of plant-based meat analogs, highlighting the need to adopt sustainable practices in its cultivation [66].




3.3.2. Wheat


Wheat is widely used in the plant-based analog industry, mainly due to gluten, whose viscoelastic characteristics provide desirable texture to meat analogs, such as elasticity, tenacity, and resistance [67]. However, in some countries in South America and the United States, the wheat produced is of lower quality when compared to European, Australian, and Argentinean wheat, mainly in the context of gluten content, which needs to be between 1 and 10% for better industrial use, resulting in importation from other countries, mainly from Australia and Argentina [68,69].



In Australia, the leading producer of wheat in the south hemisphere, wheat stands out as one of the main cultivars produced, with consequent extensive use of resources, such as water and energy [69,70]. Furthermore, the transport of cultivars stands out as one of the largest emitters of carbon equivalents in the world, since the use of fossil fuels in vehicles is necessary for the wheat the country needs to arrive [22].



Regarding its carbon footprint, wheat has an average footprint of 146.5 tons of CO2eq. However, a study demonstrated that wheat acts as a sequestrant of carbon equivalents, thus reducing its carbon footprint [71]. This happens due to the photosynthesis of wheat grains during their growth period, where carbon equivalents are consumed as an energy substrate [71]. The greatest emission of carbon equivalents occurs when the crop is fallow; however, practices such as soil cover have already been adopted to reduce its environmental impact [72].



Wheat flour, the main product derived from wheat, has a water footprint of approximately 1850 L of water per kg produced. In addition, the gluten isolation process demands even more water, since the starch present in flour must first be extracted via water and then dehydrated and sold in particle sizes like flour [20,73].



In this way, the application of wheat in plant-based meat analogs is easier and more sustainable in products present in the northern hemisphere and Australia, as shown in studies that analyzed these products in Italy, Spain, Latvia, and Austria, but challenging in the case of countries such as Brazil [28,29,31,32,33].




3.3.3. Peas


Peas are protein-rich legumes attractive for sustainable food production due to intrinsic properties such as low water demand and drought tolerance, and their use in crop rotation positively affects soil health and fertility [74]. In this sense, on average, the carbon footprint of peas is 0.49 kg CO2eq/kg, meaning they are considered an efficient source of protein in terms of greenhouse gas (GHG) emissions per kg [75].



A study on the water footprint and irrigation efficiency of important crops in Northern Cyprus showed that green peas presented the lowest irrigation economic efficiency and water use efficiency and the highest water requirements [35,76]. In contrast, a study on alternative pulse and oilseed crops to the semi-arid Canadian Prairie showed dried peas having low water use and the highest water use efficiency [35,76].



In the case of South America, one of the obstacles regarding the use of peas is their cultivation. This cultivar is adapted to high altitudes, with optimal growth in temperature ranges between 23 and 27 degrees Celsius [77]. In this sense, Brazil’s subtropical climate is inadequate for cultivating this legume in quantities that meet the total domestic demand, estimated at 40 thousand tons per year, while the country only produces around 4 thousand tons/year [77].



Argentina is the leading supplier of peas in South America, and other countries such as Canada, the United States of America, and New Zealand also contribute to meeting the worldwide demand [77,78]. Thus, the problem lies in the need for imports by non-producing countries which develop vegan pea-based meat analogs, mainly Brazil.



In this sense, despite pea production requiring less water and emitting smaller amounts of carbon equivalents, the need for transportation acts as an obstacle for the use of peas to be considered sustainable in South America, highlighting that in the case of imports coming from the northern hemisphere, the need for fossil fuels is even more present, since instead of land transport, air and sea vehicles are used, which require more fuel per kilometer traveled [79,80,81].



Peas stand out as an interesting alternative in the plant-based meat analog market given their technological characteristics, derived from their starch and protein quantity, which provide desirable sensory characteristics [82]. Furthermore, pea-based products are gaining prominence in the international market as local production allows for cultivation without or with a reduced content of genetically modified products (GMO) [83,84]. Furthermore, peas act as a technological substitute equivalent to soy, which faces obstacles in its commercialization due to its high allergenic potential and controversies related to its cultivation, which is linked to deforestation and the use of pesticides [85].



Some studies have already analyzed the development of pea genotypes and irrigation techniques adapted to hotter climates, highlighting the demand from the plant-based market and the profitability of this legume given its reduced demand for energy resources [86,87]. However, wider publicity and government investment are still needed to ensure that specific pea production is substantial enough to meet domestic demand.




3.3.4. Chickpeas


Chickpeas are a cultivar adapted to places with drier summers, mild winters, and moderate rainfall. Therefore, countries such as India, Australia, and Turkey dominate the production of this legume [88]. In general, chickpeas stand out for having a very low carbon footprint (0.39 kg of carbon equivalents per kg of product produced), being resistant to drought, and requiring similar amounts of water to beans and peas [89,90].



However, their use in plant-based meat analogs is still negligible, with reports of products containing chickpeas only occurring in studies carried out in Spain and Brazil, and still in reduced quantities when compared to other cultivars [31,32].



The use of chickpeas is more pronounced in vegan products when they aim to mimic the sensorial and technological characteristics of eggs, as in the case of meringues and mayonnaise [91]. Chickpea cooking water, known as aquafaba, has solubilized albumins in its composition which, when subjected to beating and incorporation of air, result in a product similar to egg white-based foam, with similar technological application in plant-based products [91,92,93,94].



Studies also demonstrate the application of chickpeas in the form of flour, as their starch and protein content can contribute to sensorial and technological aspects of products developed with them. However, this reality is still distant in the context of plant-based meat analogs [95,96].




3.3.5. Beans


Beans are mostly a Brazilian crop, making the country the third-largest producer in the world [97]. In 2022, the country produced approximately 3 million tons of grain, with around 2.6 million hectares dedicated to bean production [97]. Also, beans are part of Brazilian eating habits, and they are included in the primary daily meals, with a consumption of around 85g/day per capita [98].



In terms of their carbon footprint, beans stand out as more sustainable when compared to other legumes, such as chickpeas and soybeans, emitting up to 30% less carbon when adding up the impact of all its production stages [99]. Furthermore, regarding the use of its water resources, dried beans, the most commercialized form of the legume, have a reduced water footprint, especially in comparison with other typical Brazilian cultivars, such as coffee and orange, standing out as one of the pillars of country’s gross domestic product [45,100,101].



However, within the context of plant-based meat analogs sold worldwide, beans are present only in Brazil, yet beans are the least used protein ingredient in available products, present in only 6% of products available in the country [31]. Furthermore, beans are not considered a commodity; in this sense, producers choose to plant other cultivars with greater commercial value, thus reducing their potential for use and production [102]. It is important to highlight that among the legumes used, in the context of Brazil, beans, together with soy, have the greatest potential for sustainable production [102]. As a low-cost, drought-resistant, nitrogen-fixing, and carbon-sequestering product, this grain would significantly reduce the impact of producing plant-based meat analogs [103].



Featuring around 12% protein in their composition (per 100 g) [104], beans have the potential to provide protein concentrates used in plant-based meats, which today are primarily based on peas and soy. In a study carried out in Brazil, bean protein concentrate demonstrated stability, foaming capacity, and tenacity, desirable technological characteristics within plant-based analogs that are commonly provided by peas or chickpeas [105].



Another point to highlight is the use of broken beans, which today, despite having no commercial value, can be used to produce this same protein concentrate, thus saving resources and making the use of beans more economically viable [105,106].



Beans are definitely a protagonist in Brazilian food culture, being used in preparations such as stews, roasts, or farofas; therefore, one hypothesis is that the Brazilian population would easily accept plant-based meat analogs. In the country, there is an effort on the part of non-governmental organizations to finance research into the best use of beans in the plant-based food industry. However, government support through subsidies is necessary for such a measure to be effective and to have environmental results [102].






4. Limitations of the Study and Further Research Suggestions


Firstly, we would like to highlight that the nature of the narrative reviews presents some limitations as the assumptions and the planning are not often known; the scope is limited by the defined query, search terms, selection criteria, and unknown evaluation biases; and narrative reviews are not reproducible [25]. However, narrative reviews have an important role in continuing education because they provide readers with up-to-date knowledge about a specific topic or theme [107,108]



Despite the best effort to critically and contextually understand the use of resources and sustainability of the inputs used in the production of plant-based meat analogs, it is important to emphasize that a limitation of the study is the lack of a systematic literature search, as in the case of a systematic review. Furthermore, it is important to highlight that given the different sources, locations, and methodologies used to evaluate resource expenditure on the evaluated cultivars, it is not possible to make a quantitative comparison of the resources used. Furthermore, the present study does not allow for the comparison of current information with emerging technologies, such as cultured meat, given the scarcity of studies in the area.



As for future studies, we emphasize the need to develop and incorporate new products using inputs native to the regions where the analogs are marketed, as in the case of Brazil. In this way, the use of resources involved in transporting these ingredients will decrease significantly, thus meeting the proposal for greater sustainability of these products.




5. Conclusions


The market for plant-based meat analogs is growing exponentially based on the justification of lower water consumption and lower emissions of carbon dioxide equivalents. However, from this review, it was possible to verify that in emerging markets, mainly in South America, the need to import plant-based protein ingredients constitutes a major obstacle in developing these analogs.



In this sense, there is a need for investment and subsidies that stimulate the cultivation of local cultivars that can serve as a basis for producing plant-based meat analogs, thus improving the sustainability of these products in emerging markets.
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Figure 1. Carbon emissions and water usage of different crops utilized as a protein source for plant-based meat analogs at different stages of production [34,35,36,37,38,39,40,41,42,43,44]. 






Figure 1. Carbon emissions and water usage of different crops utilized as a protein source for plant-based meat analogs at different stages of production [34,35,36,37,38,39,40,41,42,43,44].



[image: Sustainability 17 00382 g001]







 





Table 1. Commercial plant-based analogs available worldwide and their primary protein sources and forms of presentation.
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Reference

	
Country

	
Produced Plant-Based Analog

	
Main Protein Sources

	
Protein Source Forms of Presentation






	
Mariseva et al. (2020) [28]

	
Latvia

	
Various meat analogs without discrimination

	
Soy,

	
Soy protein, isolated soy protein, soy flour




	
Wheat,

	
Flour, gluten




	
Non-specified, Pulses,

	
NA *




	
Oats.

	
Rolled flakes, flour




	
Curtain et al. (2019) [29]

	
Australia

	
Burgers, sausages, minced meat, chicken, cutlets and seafood

	
Soy,

	
Soy protein, isolated soy protein, soy flo