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Processing is an inevitable step in the manufacturing of animal-based foods (ABF) and animal by-products (ABP). However, our society has reached a point where our food systems have reached unsustainable levels. The impact of ABF/ABP processing on sustainability has been arguably overlooked in comparison with production. This perspective paper aims to discuss and identify research gaps regarding the assessments of the sustainability of ABF/ABF processing. First, we describe why processing techniques can have various levels of complexity, with uses that are more or less impactful on the environment depending on the products and possible synergies. In the second part, we review how impacts on sustainability have been evaluated at global and local scales using life cycle assessments (LCA). To contribute to such an approach, we suggest novel or recently introduced types of indicators that would improve future LCA studies by capturing relevant information. In the third part, we encourage a systemic view of sustainability by considering the complexity of the whole supply chains of ABF and ABP. We highlight the current gaps or challenges in evaluating sustainability across supply chains and point the readers toward recent studies that address these limitations. We hope this perspective will help improve the design of academic and industrial studies or evaluation of ABF and ABP sustainability.
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1 Introduction

Animal-based foods (ABF) are currently an important source of nutrients for humanity because they provide proteins (a rich source of essential amino acids) and essential micronutrients that are readily bioaccessible (notably calcium, iron, selenium, zinc, and vitamin B12, and omega 3 and 6 from fish products). Animal by-products (ABP) also have important technical functionalities and economic values. However, our society has reached a point where our food systems have reached unsustainable levels, in terms of land usage, greenhouse gas emissions, water use, pollution, and energy consumption (Foley et al., 2011; Poore and Nemecek, 2018). Hence, it is becoming increasingly urgent to consider how food systems can be improved to meet international sustainability targets, such as described by the United Nations’ Sustainable Development Goals (United Nations General Assembly, 2015), and the planet’s boundaries (Kahiluoto et al., 2014). In this article, we will refer to the term sustainability as any practice that minimizes or reduces the environmental impacts and consumption of any kind of resource.

In this context, the sustainability of the livestock agriculture chain has been largely studied, and there is a consensus that livestock farming creates an outsized environmental impact (e.g., Foley et al., 2011; Espinosa-Marrón et al., 2022). Animal husbandry has therefore been highlighted in the media and public debates. However, processing is an inevitable step in the making of ABF and ABP, and it could also be a major driver of the impacts on sustainability.

Previous work on the sustainability of ABPs and ABFs products focuses mainly on siloed approaches, such as describing one novel processing type, discussing gain in efficiency in cold chains, etc. Such work highlights solutions targeting single aspects while the issue of sustainability is largely recognized as a systemic problem. Hence, the research gap we identified and motivated this work is the need for a holistic view of processing and its impact on sustainability which can grasp the complexity of the challenge that awaits us.

This perspective article discusses the complexity of ABF and ABP processing and their impacts on sustainability along three complementary axes. In the first section, we argue that grasping the complexity of processing techniques – and possible synergies – is an important step in proposing actions to improve sustainability. Therefore, we highlight the complexity of processing techniques by providing a non-exhaustive overview of the processing techniques and discuss how techniques can have specific dependencies such as refrigeration, storage, energy, etc. The second section reviews how ABF and ABP processing have been recently evaluated for their impacts on sustainability. Life cycle assessments can provide quantitative or semi-quantitative data to help decision-makers improve the sustainability of the processing industry. LCAs of food products and processing have increasingly incorporated indicators to account for sustainability, both at global and local scales. However, we have identified several criteria to add to LCA for future research. In the third section, we want to take a systemic approach by discussing the sustainability of supply chains for ABF and ABP processing, which we have identified as a current research gap. Our review work underlines that the analyses of environmental impacts tend to become much more complex as supply chains become global and involve many actors, but that avenues for improvements are also proposed in recent literature.



2 Main text


2.1 Disparities of processing techniques of ABF and ABP in terms of sustainability

The number of technologies developed for ABF and ABP processing has exploded in the past decades, supported by innovations in various sectors (Cooper, 1994). For example, about 50 different types of processing can be applied to meat, with a variety of machines and formulations. On the other hand, some animal products do not require any processing, or very minimal processing (such as honey or fresh eggs). Due to the variety and complexity of processes, and possible synergies, evaluating the impact of ABF and ABP products on sustainability is a difficult task. In this line of effort, this section highlights how traditional and emerging processing technologies can be regarded as low or high-energy processes, and what would be possible synergies. Of note, downstream products such as dairy products, eggs, honey, and edible animal co-products such as protein powders or functional ingredients are referred to as ABF, while ABP refers to non-edible products.


2.1.1 Animal products that are produced from animals without killing the animals or are minimally processed

Minimal processing is a trending topic that has been previously reviewed (Alzamora et al., 2016). However, the literature can be confusing about whether minimal processing should include energy-intensive or low-energy techniques. Minimal processing includes techniques such as high-intensity light pulses, ozone, or ultraviolet radiation which enhance preservation. Eggs, honey, wool, feathers, milk, naturally processed yogurt, and most modern varieties of cheese are animal products that can be obtained without the need for animal slaughter or undergoing extensive processing. These are, by definition, following the most sustainable practices and local production and distribution of these products must be encouraged.

Fermentation, including the marinade process, is an ancestral low-energy technique to process ABF, such as cheese, meat, or seafood. Fermentation can be easily scaled up or down, preserves product quality, and enhances shelf-life. At the same time, additional compounds can be added to the product, for example, to enhance nutritional properties or antioxidant potential (Fardet and Rock, 2018). Fermentation is sometimes complemented by other processes such as maturation (for some types of ham or salami and many cheese types), dehydration, curdling, or acidification.

Dairy products relying on fermentation have existed for centuries. Cheese has been produced since the 6th millennium BC (Salque et al., 2013). Many different varieties are found globally in various forms, since these products are strongly linked to tradition and customs. However, the making of dairy food products also contributes to environmental impacts such as important water use or energy consumption, especially in industrial setups for the fermentation and maturation processes, or storage at low temperatures. In some cases, the maturation process or storage can benefit from natural environments such as grottos or natural caves which keep temperature and humidity at specific levels (e.g., Verduna et al., 2020). Therefore, the energy cost of fermentation and maturation will highly depend on the itinerary routes, and the possibility of using natural environments.



2.1.2 Minimal processing with medium to high energy costs

Slaughtering for meat and fish production can be referred to as a processing technique with medium- to high resource requirements due to a large variety of associated activities. This includes the transport of animals, veterinary controls, killing equipment, cutting, aging process (maturation), packaging, cold storage/freezing, sanitary/microbiological controls, waste management, and cleaning. Of note, the management of the generated wastes and co-products (stomach contents and bones) is associated with further disposal/collection costs, sanitary restrictions, and hazards (Regulation Report, 2004). These different activities result in high costs in land occupation, energy, water, and wastewater pollution for which corrective and preventive options have been previously suggested (Genné and Derden, 2008). Small-scale farms can perform the raising, killing, and selling of products on the same site (such as chicken farms), which may reduce the environmental costs associated with transport and retailing to large distributors (which would need to maintain the cold chain). Efforts can also be made by optimizing the tenderization (aging) period of meat, which is done at low temperatures in a controlled moisture environment over an extended period (up to 40 or 50 days), depending on the species. This process can be dry- or wet-aged. The shortest maturation periods are observed for poultry (2–3 days), followed by pork and lamb (7 days), and against a minimum of 14 days for beef. Regarding fish, this period is unnecessary, and they are immediately sold fresh, frozen, or processed to extend the shelf life.

For some niche products such as Parma ham, Iberico ham, or traditionally matured cheese, very long periods of maturation are required, up to 36 months, to obtain a final product with the desired organoleptic properties. As explained above for traditional cheese, ham production can take advantage of natural resources such as caves or facilities at great altitudes, where low temperatures and constant humidity are naturally present. However, since this is not always available, processors have to invest in maturation facilities with temperature and moisture control, which will be associated with high energy costs for long maturation processes, more remarkably if the facilities are not well insulated and the systems are not used optimally (Nunes et al., 2014).

Cooking is also a type of processing. Cooking is any heat treatment applied to a food product to modify its organoleptic or physicochemical properties. Cooking can increase shelf-life, destroy possible pathogens, increase tenderness, and increase digestibility and/or acceptability by consumers. However, high cooking temperatures are also associated with the generation and accumulation of harmful compounds such as biogenic amines, heterocyclic amines, and aromatic hydrocarbons (Cross and Sinha, 2004; Barzegar et al., 2019). On the other hand, low-temperature and long-time cooking methods that prevent the generation of such compounds are being reintroduced nowadays. Heat treatments are also conducted at the factory level, to provide consumers with ready-to-eat meals, or to facilitate exports by selling added-value products. Solar cooking, or solar-energy-based cooking, is also increasing in parts of the world; however, it is still limited to individual uses. To increase the acceptance of solar cooking, a few studies are developing indoor solar cooking systems (e.g., Varun et al., 2022). Importantly, solar-based solutions applicable at industrial levels are scarce and we found no scientific literature on these systems.

Drying techniques are widely applied in the processing of animal products, from dairy products to meat, but also to produce protein isolates for example. Drying aims to preserve the nutritional values of the product while extending its shelf life, and removing the need for cold storage, as well as decreasing weight and volume. For obvious reasons drying techniques employed by the ABF processing industry can be very demanding in terms of energy, notably to control ventilation and maintain temperature and moisture at adequate levels sometimes for long periods. However, some drying processes are very cost-effective, for instance, sun drying or osmotic drying. A review specific to the osmotic treatment of meat and fish products has been previously published by Collignan et al. (2001). Spray drying is another technique used in the dairy or protein powders industry (Sovacool et al., 2021). To improve the sustainability of drying steps, hybrid drying processes have been tested, in which low-energy processes are combined with new technologies (infrared, microwave, ultrasound, or ultraviolet-assisted drying). For example, samples pretreated with ultrasound showed faster drying kinetics, reducing the energy required to remove the excess moisture (Zhu et al., 2021). In light of our research, comparative studies of drying techniques describing which synergies work the best are desirable.

Smoking is a historical preservation technique, broadly applied to meats, fish, cheese, or products derived from these sources, which also imparts a particular and distinctive flavor. Fish smoking, for example, can be performed using various smoking procedures (smoldering, liquid smoke, friction, electrostatic friction, and electrostatic smoldering), which have been previously reviewed (Varlet et al., 2007). One concern about fish smoking is that traditional processes can generate by-products such as polycyclic aromatic hydrocarbon (PAH) whose carcinogenic toxicity has been reviewed and discussed (Jinadasa et al., 2020). Hence, nowadays, smoke is mainly generated by friction, which by comparison to traditional smoking is considered safer and less prone to originate health issues: the lower temperatures for smoke generation create less harmful by-products in the smoke (Arvanitoyannis and Kotsanopoulos, 2012).

High hydrostatic pressure (HHP) processing has been proposed as an alternative to thermal pasteurization for foods with heat-sensitive properties, including meat or liquids. An intense pressure (about 400–600 MPa) is applied to the product (often a liquid product) under chilled or low temperatures (< 45°C). High-Pressure Homogenisation (HPH) is used to extract natural compounds from suspended particles, reach the stabilization of liquid foods such as milk, or provide stable emulsions. This helps to preserve the organoleptic and nutritive properties of fresh products while deactivating pathogens (Yaldagard et al., 2008). One recent example is how HHP can help optimize meat shelf-life while avoiding possible negative impacts on color, texture, and water-holding capacity (Niebuhr et al., 2020). Being a non-thermal technology, HHP is often referred to as a low-energy process or eco-friendly process because of its efficiency (Picart-Palmade et al., 2019). However, as pointed out by other authors, studies on the environmental impacts of HPP are scarce (Valsasina et al., 2017). The use of high-pressure pumps, pneumatics, and chilling equipment will necessarily imply the use of other resources with possible environmental impact. Hence, the manufacture and maintenance of HHP equipment needs to be considered, and further studies are desirable.



2.1.3 Highly processed animal-based products

We define highly processed foods (and co-products) as the result of multiple layers of processes (a.k.a.: have a complex technological itinerary). Highly processed ABF or ABP can include a wide range of products, from processed dairy products to processed meat or non-edible animal products. The applications of various techniques aims to provide microbiological control, perform the separation of components, or change/improve the properties (technological, organoleptic, etc.) of a given product. Taken independently, the techniques can be regarded as eco-friendly as they enable meeting large volume demands and reduce production costs (Picart-Palmade et al., 2019). We present some of the most relevant techniques below.

Protein extraction of animal products or co-products finds major uses in the food, medical, and pharmaceutical sectors. Protein extraction can be regarded as a medium to high-energy technique, depending on the type of products, the equipment that is involved, and the production scale. For example, whey proteins can be a natural by-product of cheese production, or it can be obtained from the industrial cultures of microorganisms, in which case it is obtained by ultrafiltration (to separate proteins from lactose and minerals) and drying. Protein extraction poses different challenges depending on their origin and the constituent elements of the matrix they are embedded in (e.g., chitin from insects, cellulose, or pectin when extracting plant proteins). Protein extraction/concentration can be performed by drying methods, protein precipitation (e.g., ammonium sulfate precipitation), solvent precipitation (e.g., using ethanol), crystallization, or enzymatic or acid/base reactions performed in bioreactors. It can be followed by purification steps, performed using advanced separation or filtration methods, such as chromatographic techniques, reverse osmosis, or electrodialysis. Some of these techniques are energetically demanding, or require solvents, but also offer potential ways to reduce the processing time or temperatures, which in some cases might mitigate the energy costs. Importantly, they can be scaled up to meet the large volumes required by the industry. Future research will need to evaluate how these different combinations of techniques impact the digestibility, safety, and nutritional values of ABF (Bhat et al., 2022). More studies on the impacts on microbiota and health in the long term are desirable.

Reverse osmosis is a membrane filtration technique that allows the selective passage of water and has been used significantly in water desalination, water treatment, and food processing applications. This processing technique has been increasingly used over the past 25 years in the dairy industry, notably in the production of whey protein, concentration of skim milk (prior to the production of milk powders), and manufacture of yogurt (El-Gazzar and Marth, 1991). It can effectively purify water, and retain substances such as fats, proteins, lactose, and minerals. This can help to improve the consistency of cheese structure, as well as shelf-life, and organoleptic properties. Large volumes of raw milk can be pre-concentrated by reverse osmosis to reduce the cost of transportation before cheese manufacturing. Proteolytic content, microbial activities, and sensory qualities of dairy products manufactured by reverse osmosis have been extensively studied. The environmental impacts of reverse osmosis were also studied (more than 30,000 papers found on Scholar one) but most studies focus on water desalination rather than food processing (3,000 studies were associated with “food processing”). As reverse osmosis enables larger processed volumes, further research is required to assess if the application of this process causes rebound effects in energy/water use and how impacts are mitigated. In this regard, we recommend a recently published article that presents the merits and demerits of membrane filtration techniques, including risks regarding potential suppliers or waste management (Deshwal et al., 2021).

Emergent technologies such as ultrasound (US), pulsed electric fields (Gómez et al., 2019), high shear cavitation, and microwaves (MW) are all used in meat and fish processing to modify the physical properties of the matrix. In particular, PEF-assisted extraction has been considered as a promising green method for extraction, osmotic treatment, drying, and freezing. It has been used to retrieve intracellular compounds of different molecular sizes from plants, mushrooms, and seaweeds, which can be used as additive compounds for ABF processing (Picart-Palmade et al., 2019). Here, the aim is to obtain novel functionality or qualities for the products, such as improving technological (structure, texture), economic, organoleptic, or nutritional aspects. Recent research shows how pulsed electric field treatment can improve seafood products parameters (Rathod et al., 2022) or help reducing salt amount used in meat processing (Bhat et al., 2020). Emergent techniques such as pulsed electric fields are however used for ABF with complex processing itinerary routes (Bhat et al., 2019), which deserve to be carefully evaluated for their impacts on sustainability.

Ultra-processing is defined here as any processing method or combination of methods aiming to fractionate whole foods into components (sugars, oils, fats, proteins, starches, fibers), which are subsequently used for new preparations. Previous studies have designed guidelines to identify ultra-processed foods and their markers (Davidou et al., 2021; Monteiro et al., 2022). Techniques we refer to include for example ultra or nano-membrane filtration techniques, supercritical fluid extraction, or hydrogenation. Ultra-processing causes an artificialization of the food matrix (Pagliai et al., 2020; Fardet and Rock, 2022), and its impacts on health have been largely studied (e.g., Pagliai et al., 2020; Suksatan et al., 2022). Ultra-processing in animal-based products is performed on meat, dairy, fish, insects, and seafood products. It enables the processing of large volumes at relatively low costs, or the valorization of sub-products that otherwise could not be sold to consumers or as animal foods, such as the collagen extracted from the bones and skin of large animals. Ultra-processing, requiring large volumes, can drive the upstream demand to produce large quantities, which can favor monoculture and intensive farm animals (Fardet and Rock, 2020; Dicken and Batterham, 2022).

Ultra-formulation, although not considered a process itself, is used to reach the desired organoleptic properties of the final product. Ultra-formulation consists of adding synthetic and purified compounds (mineral oil, hexane, etc.), additives, or aromas for texture, taste, color, and preservation (emulsifiers, antioxidants, etc.). It can be used to restore properties that have been lost during drastic processes, such as in ultra-processed food matrices (Monteiro et al., 2022). Hence, we observe that heavily formulated ABP generally results from ultra-processing. Hundreds of additives are used nowadays, and their potential impact on health is under regulatory scrutiny. However, as far as we know their environmental impacts have not been evaluated thoroughly.

A growing interest in a flexitarian diet has led to the emergence of new hybrid products that contain ingredients from both plants and animals. Hybrid meat analogs, which are prepared by co-processing plant and animal proteins, are nutritionally superior to plant-only meat analogs (Wang et al., 2022). These hybrid meat analogs differ from meat extenders, in which plant-based functional ingredients are added or blended for economic and technological reasons (Grasso and Jaworska, 2020). Animal protein-based isolates, such as whey protein isolates and concentrates, sodium caseinate, whey protein, and bone marrow are used to supplement plant protein formulations for producing hybrid meat analogs (Taylor and Walsh, 2002). Consumers perceive hybrid products as products with good texture and nutritional quality (Grasso and Jaworska, 2020), but more research is needed toward the improvement of sensory quality and health effects of these products. Plant-based meat analogs are usually manufactured through high moisture extrusion by subjecting protein dispersions to high temperatures and shear forces to achieve meat-like fibrous texture. Plant-based meat analogs usually are considered to have a lower environmental impact (Mejia et al., 2016), but the multiplicity of implied processes may lead us to question this sustainability. These products are sometimes mixed with meat to develop partially substituted meat products such as burgers, sausages, or meat mince. The leguminous proteins produce very beany flavored volatiles due to the enzymatic oxidation of polyunsaturated fatty acids (Joshi and Kumar, 2015) during thermal processing such as extrusion. This fact encourages processors to add numerous additives and flavoring agents to these products to produce a tasty product.

As an alternative to ultra-processed analogs, research is currently underway to co-process whole plant and whole low-value animal products (or co-products) to develop new hybrid structures that possess similar textural and nutritional qualities as meat. New up-and-coming technologies such as 3D food printing (Portanguen et al., 2019; Wang et al., 2022) have the potential to produce nutritionally superior analogs. Such novel techniques can be used to develop plant-based meat analogs from raw meat (such as iron-rich liver) and vegetables that answer specific requirements of people with mastication or nutritional deficiencies, such as elderly people.

Cell culture is a recently developed approach to produce cell-derived ABFs, such as meat-like or plant-like products. Such products have existed since 2013 and have been marketed since 2015. Recent research on cultured cells for meat-like products aims to recreate an assemblage of fibers and fat to mimic the technological and organoleptic properties of natural meat (e.g., Kang et al., 2021). Literature showed the translation of cell culture in the industrial sector still faces numerous challenges to reach scalability and cost-effectiveness (O'Neill et al., 2021), and poses several regulatory challenges (Post et al., 2020). The sustainability of the whole process of cultured meat is widely criticized due to the quite astonishing diversity of ingredients, equipment, and materials involved in the production (Post et al., 2020). One of the current major gaps concerns the cell media composition. The base media requires high-quality water, which is typically prepared by reverse osmosis, deionization, and filtration. It is then supplied with a cocktail of nutrients, including antifungal, antibiotic molecules, amino acids, carbohydrates, growth factors, hormones, insulin, cortisol, albumin, etc. (Post et al., 2020). Research activities and industries still rely on the controversial Fetal Bovine Serum to grow cells, and serum-free alternatives are desirable. The use of rich cell media also implies sanitary considerations due to potential contamination by opportunistic pathogens, such as mycoplasma, viruses, and bacteria (Olarerin-George and Hogenesch, 2015), which raises questions about how sanitary controls can be adequately performed in industries. In the future, in addition to engineering and sustainability challenges, the nutritional value of cell cultures needs to be addressed thoroughly.




2.2 Evaluating the environmental impacts of ABF and ABP

The past decade has been proficient in producing studies that evaluate the impacts of food products on sustainability. The LCA methods have emerged as a gold standard for providing comprehensive and understandable information. They commonly make use of indicators such as energy and water consumption, waste generation, greenhouse gas emissions such as CO2, land usage, transport distance, or eutrophication potential (Thoma et al., 2018). To draw general tendencies and characterize our food systems is a desirable goal. To do so, large meta-analysis have been analyzing the environmental costs of animal production, such as the work by Poore and Nemecek (2018), which combines 570 LCA studies across 119 countries. Their model is based on four major indicators: gas emissions, land use, water stress, and eutrophication potential. They found dairy has less impact than beef husbandry, but more than other animal production. However, the impacts of other ABF or ABP, or impacts of specific processing techniques, are not evaluated. In recent work, Clark et al. (2022) developed a model to estimate the environmental impact of 57,000 food products in the United Kingdom and Ireland based on their ingredient composition. The estimated environmental impacts account for processing, however, it does not incorporate packaging, storage, or transportation, which are essential parts of supply chains. According to this study, ABP and ABF have greater environmental impacts in comparison to other types of foods, but taking into account the nutritional values (energy and protein density, for instance) may mitigate this impact. For a given category of products (beverages, snacks, prepared foods, etc.), the authors suggested replacing the products showing a bad environmental/nutritional score with products from the same category but with better scores (Clark et al., 2022). Another group of authors performed a national study in Brazil where the carbon and water footprints were evaluated for the four NOVA food groups (Garzillo et al., 2022). The four NOVA food groups are described as unprocessed or minimally processed foods (1); processed culinary ingredients (2); processed foods (3); and ultra-processed foods (4). For each type of food product (such as meat, plant oils, cheese, or soft drinks), the ratio between dietary energy intake and carbon/water footprint was calculated. Their results highlight the impact of ultra-processed foods and in particular the impacts of meat processing in terms of CO2 and water footprint. It also suggests that food processing has a significant impact on the environment. Similarly, in a time-series study from 1987 to 2018 in Brazil, a larger group of authors concluded that “the environmental effects of the Brazilian diet have increased over the past three decades along with increased health effects from ultra-processed foods” (Da Silva et al., 2021).

The above literature took advantage of nutritional scores and environmental scores to compare ABF. To what extent these methods can be applied to ABP, in the context of supply chains, is an open question. It appears that, in general, highly processed foods and ultra-transformed foods have higher environmental impacts than less processed foods (Fanzo et al., 2021). Hence, in the context of climate change, land usage, pollution, resource consumption, and global health, there is a need to reduce reliance on animal-based processed foods.

Improving the environmental impact of ABP and ABF processing can also be done by minimizing wastes; as well as making better use of the current resources, as highlighted by several authors when it comes to harnessing the potential of ABPs (Mullen et al., 2017). The generation of suboptimal foods, food waste (or ABP waste), can be the result of physical or chemical reactions generated by poor processing or incorrect handling. Kranert et al. (2012) performed a meta-analysis of food wastes and estimated that the German food industry is responsible for approx. 14 kg of the 82 kg food waste per head and year. Technical problems during processing and quality assurance measures were pointed out as a major reason (Kranert et al., 2012). Previous studies observed that quantitative data on food waste generated during processing are scarce, and access to information is limited, especially on animal-based food (Bräutigam et al., 2014). National data stocks between countries showed great variations in what is included in the terms ‘food waste’, ‘food loss’, the studied boundaries of a given industrial process, and even variations in the type of metrics that are used (Bräutigam et al., 2014).

Interestingly, the dairy industry has greatly improved its production process efficiency while reducing energy and water consumption, wastewater and gaseous pollutants, and encouraging recycling approaches. Recent work in the dairy industry monitored the consumption of energy and water, waste generation, emissions, and effluents discharge such as pollutants in wastewater, gaseous pollutant emissions, as well as the use of cleaner fuels and the use of whey in the production of other dairy products (recycling) (e.g., Veiga et al., 2022). Whey, a co-product of cheese, is mostly processed into high-value protein and lactose products. Whey otherwise has a huge impact as an industry effluent as it is responsible for very high biochemical oxygen demand (BOD) (30,000 to 40,000 mg L−1) (Epa-Victoria 1997; Veiga et al., 2022). However, if the economic demand (market opportunities) were to drive the sole production of whey, rather than its use as a by-product of cheese, it could become a non-sustainable practice.

In Table 1, we provide some examples of studies where quantitative indicators have been used to describe specific aspects of sustainability in meat processing, such as the poultry industry, and the supply chains of meat processing. Indicators showed that reductions in specific environmental values, such as the emission of CO2 (kg CO2-eq), or in terrestrial acidification, eutrophication, water use, water depletion, energy consumption, etc. could be achieved. It demonstrates the variety of indicators that have been used and their usefulness. However, as the environmental impacts of processing can vary greatly even when considering the same product (Poore and Nemecek, 2018), comparative analyses are desirable.



TABLE 1 Example of indicators and values for estimating sustainability.
[image: Table1]

LCA methods are still evolving and improving, and academics and industry bodies have a huge role to play. To be more realistic, future analyses should also include the functioning of the building/facility where processing is done. This has been done, for example, on slaughterhouses, which are very demanding in energy and water use, but also generate waste (Mozhiarasi and Natarajan, 2022). Toward this direction, the ITACA protocol is a method that proposes several criteria to measure or estimate the sustainability of buildings, and it was recently adapted to food processing facilities (Barreca and Cardinali, 2019). Criteria involve, for example, the site quality, the type of resource use (e.g., bio-sourced materials for construction), ventilation and refrigeration systems, the indoor environmental quality for workers, and broader social impacts such as services provided by the building. This novel framework establishes a solid ground to perform comparative analyses, which can encourage industries and academic research.

Moreover, LCA could include metrics describing the specificity of the economic, social, and geographic contexts, and several authors are working to fill this gap. For example, Petit and colleagues provided a metric method to include social indicators in their assessment of the sustainability and value chain of pork agrifood and trout (Petit et al., 2018). To contribute further to this collective effort, we suggest several other indicators for LCA. In particular, the type of energy mix (which is country-dependent), the reliance on energy-intensive equipment (such as pneumatic valves, ultrasound, gas, robotics), the distance/transport costs of raw materials or supply parts, the reliance on air-freighted products, or the possibility to re-use heat or recycle waste on processing sites. Studies should also consider that high-tech processing systems can have important maintenance costs or high turn-over, which questions to what extent enterprises are dependent on suppliers to maintain their operation levels. Sustainable processing solutions need to take cognizance of all these factors while maintaining a focus on product quality, nutrition, and safety.

We propose Figure 1 as an attempt to picture the aforementioned requirements and externalities linked to ABF and ABP-related processes. The Figure highlights that an increase in the degree of processing (depending on the production system, and context) calls for a larger spectrum of dependences/requirements, which together increase the footprint of processing. We also want to represent that sustainability is linked to geographical context, which will determine a number of externalities such as the energy mix, the availability of resources, expertise, and equipment (Hoang et al., 2016). For example, locally produced meat directly sold from the producer to the consumer is a good example of minimal processing: it involves slaughtering and boning, cold storage, and sometimes packaging and cutting, and occasionally all steps can be conducted on-site (e.g., for small chicken farms). This solution, however, may not meet the demand in large urban areas. Processing practices are always embedded through the local economic tissue, the network of actors, and resources. In this sense, we stress that there is no “one size fits all” solution. The craft and efficient implementation of more sustainable processing can only be done in the light of the careful evaluation of the competing interests or intrinsic opposition between the key pillars of sustainability. This viewpoint is also true to guide future policies that will help to shift away from unsustainable practices.

[image: Figure 1]

FIGURE 1
 Processing types of food products and by-products and the major primary requirements and externalities. The blue triangles illustrate that more highly processed products require an increasing number of primary requirements (e.g., complex machinery and technical skills, automatized systems) and externalities (e.g., water and energy costs, packaging, transport such as air freight, and the origin of ingredients). Framing the sustainability of processing will require consideration of these parameters for each given product and within a specific geographical/local context.




2.3 The sustainability of supply chains for ABF and ABP processing

Sustainable food supply chains aim to achieve reduced energy and environmental footprints, while increasing positive outcomes, such as food conservation and safety. A plethora of published studies aimed to evaluate the sustainability of food systems at a global scale, using social, environmental, and economic indicators through modeling or statistical approaches (e.g., Malak-Rawlikowska et al., 2019; Béné et al., 2020). For example, Béné et al. (2020) applied quantitative statistical methods to identify possible drivers of the supply chains’ sustainability or unsustainability. In their definition of sustainability, they include social, technological, and economic indicators, such as trade exports or investments. Considering a list of 27 domains and associated indicators from carefully selected studies, they built a metric for food system sustainability and then applied it to obtain a score of sustainability for 97 countries. Then, they attempted to correlate this metric with economic and social indicators such as population growth or wealth, merchandize demand, or trade change over time. The strongest positive correlation was observed between food system sustainability and change over time in merchandize and services trade per capita. This result suggests trade improves sustainability, for it provides social services (employment etc.) and economic values, although the authors acknowledge trade can also increase the pressure on natural resources leading to environmental degradation. Malak-Rawlikowska and colleagues analyzed the sustainability of short-supply chains for 208 food producers across seven countries. Only two environmental indicators were considered, the travel distance of products and consumers. One of their results was that short supply chains can provide producers with a higher share of the value added, while strengthening local development and territorial cohesion, with lower food miles and carbon footprint (Malak-Rawlikowska et al., 2019).

While global-scale analyses provide insights about key drivers of sustainability, they also acknowledge a challenge in accessing on-site data. Arguably, obtaining such quantitative data is a tremendous amount of work, which requires important resources and effort. Subsequently, several studies have argued that the increasing globalization of food network systems has led to significant information and knowledge gaps, particularly in ABF or ABP supply chains (Hueston and McLeod, 2012; Ashe et al., 2015; Fanzo et al., 2021). These authors explain that ABF and ABP are transported and processed worldwide, with many intermediaries across the supply chain. Feeds for aquaculture, for example, can be processed from fish or fish by-products, among other ingredients, and sold globally. For these reasons, in a previous report on seafood processing published by the European Environmental Agency, Belchior and colleagues argued the sustainability of food supply chains of sea products cannot be inferred from trade data and economic indicators, even though 10 major processing enterprises account for 40% of the global seafood market (Belchior et al., 2016). Qian et al. (2022) summarize this issue by stating that “the traceability of processed food faces a different set of challenges compared to primary agro-food, because of the variety of raw materials, batch mixing, and resource transformation”. Food chain sustainability and transparency are some of the economic challenges of food chains, and we invite the reader to consult these other articles to learn more about this topic (Alao et al., 2017; Mullen et al., 2017; Soladoye et al., 2022).

To provide accurate assessments of the ABF and ABP processing and its impact on sustainability along the whole supply chain, one can focus on one specific product and perform on-site data gathering. However, such studies are difficult to find. In the Table 1, we provided examples of how LCA was applied for poultry meat chain and mutton meat supply chain. Interestingly, these studies provide specific indicators and values where efforts led to significant improvements on sustainability. Reductions in kg CO2-eq, terrestrial acidification, or other criteria, were obtained by using alternative energy fuel, or biodegradable packaging, for example (Table 1). Maïolo and colleagues recently published an exhaustive LCA of rainbow trout (Oncorhynchus mykiss) both ABF and fish by-products production and processing (Maiolo et al., 2020). The study was performed in Northern Italy, based on a dataset almost entirely on primary data gathered from supply chain actors and on-site visits. Their analysis included feed production, trout grow-out in freshwater flow-through systems, trout processing into foodstuff, and fish by-products processing into pet-food ingredients. The authors found that the environmental impacts were the highest for food-stuff and by-products processing and that the sustainability of aquafeed was also concerning. They also underlined the challenge of applying LCA on different farm systems, due to the differences in production systems (e.g., flow-through vs. recirculating system), in processing techniques, and in management. They also note that “only two among the published LCA on salmonids managed to gather data on commercial aquafeed formulation directly from feed and farming companies” which tends to explain the low prevalence of such comprehensive LCA analyses and the issues about supply chain transparency discussed above (Qian et al., 2022).

To evaluate the impacts of ABF/ABP on supply chain sustainability, another strategy is to focus on parts of the supply chain. Quantitative data analysis and modeling approaches can provide leverage to favor best practices. Mouléry and colleagues modeled the food system of beef production in an area of a 100 km radius around Avignon, France (Mouléry et al., 2022). They found that the factors driving the use of short supply chains are the number of beef-feeding areas and the connectivity between them. The authors also included the distance from the nearest slaughterhouse in their analysis. Such area-focused modeling approaches provide a strong basis for organizing supply chains, and the integration of processing, storage, and retailing is desirable.

Raw or processed meat and dairy foods are particularly dependent on refrigeration systems, which cold chains expand from processing to retailers. For example, a modeling approach on cold chains and storage of cooked ham identified leverage points to reduce food waste and energy consumption (Guillier et al., 2016). Comparative studies of designs of cold systems have been conducted, for example at the supermarket levels (Salehy et al., 2023). Interestingly, shorter cold chains and highly efficient fridges can also be coupled with better week-menu planning in collective dining facilities to help reduce energy consumption in a significant manner (Guillier et al., 2016).

A work by Batista et al. (2015) proposed a framework to evaluate the food waste scenarios and potential by-product synergies of supply chains. They termed their framework “EFOS” (Eco Food Supply Chain), which brings concepts of industrial ecology (and related industrial symbiosis) to supporting waste analysis, recycling and innovative synergies in the context of supply chains. More studies are desirable on how processing machines, refrigeration systems, waste and by-products can be recycled or re-used. Finally, retailing, consumption models and governance models are important parts of supply chains. How governance models can drive upstream more sustainable processing deserves more attention (Duncan et al., 2022).




3 Discussion

In the first section of this paper, we highlighted the complexity of the processing techniques of ABF and ABP, and described some of their externalities on sustainability. We also identified a number of research gaps and proposed future work to better evaluate the impacts of processing on sustainability. In the second section, we reviewed studies that have evaluated the environmental impacts of ABF and ABP, and their strategy to do so. We underlined the lack of exhaustive assessments of processing and building sustainability. In the last section, we saw that the supply chains of processed ABF and ABP are particularly complex. Studies highlighted that cold chain storage, in particular, has an important impact and that long supply chains, in particular for ultra-processed or ultra-formulated products, may have stronger environmental impacts. To conclude, we propose several perspectives and future research directions.

First, we propose that more holistic, detailed life cycle assessments of ABF and ABP processing, and their geographic routes, using more quantitative indicators are desirable. In particular, more work is needed to assess the social, technical, and economic externalities linked to processing, as highlighted in Figure 1. To do so, there is a need to overcome the knowledge gaps that the authors we cited pointed out, in particular knowing the processing steps of the marketed ABF and ABP. How can we encourage the measurement (or disclosure) of environmental and social impacts of all the actors involved in the manufacturing and origin of raw materials (or compounds) used in ABF and ABP processing? One way is perhaps to rely on regulatory bodies to encourage more transparency. This is starting to happen as governments and institutions, such as the FAO, aim to improve food security at a regional or national level, to anticipate and establish early warning systems in cases of climate crisis or social conflicts (Hueston and McLeod, 2012; FAO Report, 2021). For example, the traceability of animals and transformed products has been implemented in many countries, based on strategies using systematic labeling, rational encoding, and appropriate data management (Madec et al., 2001). Similar measures could be developed to evaluate the environmental and social impacts of ABF and ABP at the scale of supply chains. Moreover, how such information could be shared with consumers to help them making better choices is an open question. Nonetheless, previous studies suggested imposing more stringent policies to improve our food systems (Fanzo et al., 2021). For more information about policy frameworks in the context of ABF, we invite the reader to read the excellent book published by Thoma and colleagues (Thoma et al., 2018). Legislative aspects of ABP are discussed by Mullen and colleagues (Mullen et al., 2017).

Second, we would like to encourage further research to test the sustainability of local hubs for production, processing, storage, and distribution, and include societal aspects such as governance models (e.g., Duncan et al., 2022), consumers’ practices and choices. Implementation research and living labs should be encouraged to test a variety of processing setups integrated within local supply chains, with the aim to maximize product qualities (nutritional value, safety, and shelf-life) and reduce the negative environmental impacts along the indicators mentioned in this paper and Table 1. Such an initiative, however, will require important planning efforts at the community level. Along with this idea, the European initiative called Farm-2-Fork encourages local hubs for the production and processing of food to achieve food resilience. How this will translate locally will depend on the efforts of city and regional councils, and other regional institutions, and if funds are effectively distributed to the stakeholders with best practices.
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