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Introduction: The environmental impact of food production and distribution has driven the need to integrate sustainability into food services. While research has traditionally focused on carbon and water footprints, other key aspects, such as local product consumption, are often overlooked.

Methods: Therefore, this study proposes the development of a sustainability diet index to address these gaps, using Multi-Criteria Decision Analysis. Specifically, the analytical hierarchy process prioritizes sustainability criteria, and the Interactive and Multicriteria Decision Making (TODIM) method ranks them. Two sustainable diet indices are proposed to assess which offers better performance. A case study of a university canteen demonstrates the index's applicability by considering starters, main courses, desserts, and menus.

Results: The results indicate that rankings based on sustainability dimensions provide a broader perspective, highlighting differences among food menus.

Discussion: The index revealed that menus with local and fewer animal-based ingredients score higher in sustainability, underscoring the relevance of environmental and political factors. Future work considers incorporating other cultural traditional food, menu variations, and vegetarian and vegan options.
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1 Introduction

Currently, the food production sector is one of the main contributors to sustainable development challenges (1, 2), including the depletion of natural resources, the loss of both terrestrial and aquatic biodiversity, and changes in land use. It is noteworthy that 20%–30% of anthropogenic greenhouse gas (GHG) emissions are produced by this sector, with agricultural activities representing the most significant impacts (3, 4). Furthermore, food production demands high freshwater consumption, with agriculture responsible for 70% of total water withdrawals (5, 6). Given the pressure that food systems exert on the environment, various strategies are needed to mitigate the sector's impact, playing an important role in promoting a more sustainable society (7).

The Food and Agriculture Organization of the United Nations (FAO) defines sustainable diets as those with a low environmental impact and contribute to food and nutritional security and healthy life for present and future generations (8). These diets are protective and respectful of biodiversity and ecosystems, culturally acceptable, accessible, economically fair, and affordable; additionally, they must be nutritionally adequate, safe, and healthy, optimizing natural and human resources (8). In summary, sustainable diets consider economic, political, social, environmental, and technological aspects (9–11), and seeks a balance that integrates cultural eating practices, appropriate technological innovations for food systems, and promotes improvements from food production to consumption, including changes in waste management and dietary patterns (12, 13).

In the last decade, the increase in food consumption outside the home has become a global trend (14, 15). This positions massive food services as fundamental actors in the promotion of sustainable food systems (16–19), since small changes in culinary preparations or menus can generate significant impacts when considering that they can cover up to 50,000 preparations (20). However, considering the different aspects of sustainability, with their various measurement forms, offering sustainable diets also becomes a challenge. In this context, sustainability diet indices are required to support decision-makers by performing comprehensive evaluations and allowing for improvements in the sustainability of their offerings, whether culinary preparations or menus.

Therefore, the objective of this study is to develop a multidimensional sustainability diet index applicable at different levels of food disaggregation and adaptable to diverse geographical contexts. Using multi-criteria decision analysis, the index aims to evaluate and rank culinary preparations and menus through a set of weight indicators, thereby supporting evidence-based decision-making in large-scale food services. The applicability and potential of the index are illustrated through a case study, providing practical insights to enhance sustainability practices.



2 Related literature

Concerning the related literature, we distinguished three types of food disaggregation analysis: (i) by ingredient, referring to studies focused on the individual analysis of ingredients; (ii) by culinary preparation, referring to food preparations such as desserts; and finally, (iii) by menu, when a set of preparations is analyzed. Most of the related literature studied ingredients individually, while some researchers, such as Engelmann et al. (21) and Cambeses-Franco et al. (22), have assessed culinary preparations, and others, such as Martinez et al. (23), Gómez-Ramos and Rico Gonzalez (24), and Stern et al. (25), have evaluated menus. Nevertheless, among the research assessing more than one food disaggregation, Ernstoff et al. (26) analyzes culinary preparations to evaluate the effects of meat and meatless diets, Castañé and Antón (27) focus on culinary preparations and their environmental impact, and Benedetti et al. (28) compare entire diets, from ingredient production to consumption. These studies collectively emphasize the importance of evaluating food at different levels of disaggregation–from ingredients to menus–to fully understand the environmental impacts of dietary choices.

Furthermore, regarding nutritional aspects, the Nutrient-Rich Food Index (NRF 9.3) is the most used (27, 29), followed by the Healthy Eating Index (HEI) (25, 30), and the Sustainable HEalthy Diet (SHED) (31). However, little research has integrated nutritional aspects into sustainable diet index or indicator assessments. Among those, we can highlight, for example, Luzzani (32) who employs a multi-indicator approach to improve the classification of sustainable dietary patterns, nutritional adaptation, and alignment with local diets, addressing the relationship with the social dimension of sustainability. Similarly, Li et al. (33) develops an indicator system encompassing environmental, economic, social, and nutritional aspects, providing an analytical tool to assess the sustainability of diets from a multi-scale and multidimensional perspective. Additionally, Gazan et al. (34) applies a comprehensive methodology to compile food metrics into a single database, enabling an exhaustive evaluation of food consumption's nutritional, economic, social, and environmental aspects.

The analysis of ingredients individually has traditionally been the main focus. To support massive food service managers transitioning to sustainable food systems, it is essential to consider broader functional units that can help with decision-making, such as culinary preparations or menus. To the best of the authors' knowledge, previous research has not addressed the concept of a sustainable diet while analyzing culinary preparations or menus. Only Hatjiathanassiadou et al. (35) has considered the economic, environmental, and social dimensions without including nutritional aspects, considering all three levels of food disaggregation. Hatjiathanassiadou et al. (35) focuses on how current food systems impact the environment, specifically analyzing the use of environmental footprints—such as carbon, water, and land use footprints—to evaluate the environmental impacts of food consumption while also integrating the economic and social dimensions.

Furthermore, Cáceres et al. (36) presented six indicators validated by experienced chefs and nutritionists in the food services industry. These indicators encompass the impact of ingredient production, such as the carbon footprint (CF) and water footprint (WF), as well as the local origin of ingredients (LAI) (37). They also address recipe composition, including the presence of animal-based ingredients (AI) and red meat (RMI), alongside processing-related aspects like food waste (FW) (36, 37). Despite their validation, these indicators focus mainly on the environmental aspects of sustainability.

Despite their validation, these indicators focus mainly on the environmental aspects of sustainability. This underscores the need for a more comprehensive approach to evaluate diet sustainability, which this study aims to address through the development of an integrative index.

This study is structured as follows. Section 3 describes the proposed sustainability diet index, including identifying and evaluating sustainability indicators and selecting a Multicriteria Decision Analysis (MCDA) tool. Section 4 presents the case study and the findings obtained, including the sustainability rankings of various culinary preparations and menus, followed by Section 5, which discusses the broader implications of these findings. Finally, Section 6 presents the conclusions and future perspectives.



3 Materials and methods

This section outlines the methodological framework employed for developing and applying the sustainability diet index (SDI). In this research, two indices are proposed and assessed. The first (SDI1) considers the nature of sustainability based on its different dimensions, for which a series of indicators is proposed. The second (SDI2) adopts the indicators proposed by Cáceres et al. (36), which follow the global trend of over-representing the environmental dimension of sustainability and have been validated with relevant stakeholders. Furthermore, sustainability inherently seeks a balance between its different dimensions, but the preferences of the involved stakeholders may vary, so two scenarios are considered for both indices. The first scenario (s1) corresponds to an equitable prioritization, and the second scenario (s2) corresponds to a biased one. The latter requires consultation with the involved stakeholders to understand their preferences.

The analysis of these two indices (SDI1 and SDI2) in two different scenarios (s1 and s2) is carried out to examine whether the different indices generate distinct rankings for the same set of culinary preparations and menus analyzed to ultimately determine which index allows a better differentiation for easier decision-making. Figure 1 presents a schematic diagram of the methodological process used in this study. It shows four rankings for each culinary preparation type, and menus will be compared.
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FIGURE 1
 Methodology diagram. MCDA, Multi-Criteria Decision Analysis; TODIM, Interactive and Multicriteria Decision Making; AHP, Analytical Hierarchy Process.


This section presents (1) a sustainability dimensions description for SDI1; (2) an indicators description for SDI2; (3) the description of the selected Multi-Criteria Decision Analysis (MCDA) method to establish the preferences of the involved stakeholders to generate the required data for evaluating the index in the biased prioritization scenario; and (4) a general description of the data collected for the set of culinary preparations and menus to be analyzed.


3.1 Sustainability dimensions description for SDI1

While sustainability has historically been defined as the balance between social, economic, and environmental aspects, technological and political considerations should not be overlooked. For example, the complexity of culinary preparation may discourage food services from implementing certain dishes due to the need for a wide variety of ingredients, lengthy preparation times, specialized skills, or additional equipment. Meanwhile, governmental factors are particularly relevant in large-scale food services that rely on government organizations, where policies can be tested for efficacy before being introduced to the general public. Thus, economic, social, environmental, political, and technological components are essential for a comprehensive understanding of sustainability (11, 38).

Two aspects of the economic dimension are addressed. First, resource scarcity is estimated in monetary terms through Life Cycle Assessment (LCA), using the “USD2013” indicator from the ReCiPe Endpoint method, which reflects the costs associated with the extraction of minerals and fossils (39). Second, the costs related to food acquisition are analyzed, providing a comprehensive view of the economic impact of sustainable eating practices. These indicators were chosen due to their ability to facilitate an understanding of the actual costs associated with sustainability.

The social dimension focuses on two aspects. First, it quantifies Disability-Adjusted Life Years (DALY), which reflect losses associated with diseases, disabilities, or premature deaths, using the DALY indicator of the ReCiPe Endpoint method (39). Additionally, the nutritional quality of foods is evaluated through the Nutrient-Rich Foods Index (NRF 9.3) (40), measuring the nutritional contribution of foods in the diet. Including these indicators allows for a comprehensive assessment of social and nutritional impacts, addressing public health and diet quality.

Regarding the environmental dimension, impact categories such as Global Warming Potential (GWP), based on the Intergovernmental Panel on Climate Change (IPCC) methodology (41), and water consumption, measured through the Available WAter REmaining (AWARE) method (42), are analyzed. Additionally, species loss over time will be assessed to determine the impact on biodiversity and ecosystems using the “Species.yr" indicator of the ReCiPe Endpoint method (39). These tools provide a comprehensive and easily interpretable evaluation of environmental impacts. This selection ensured a thorough and relevant assessment of the overall environmental impact.

Concerning the political dimension, the focus is on promoting local consumption and production by evaluating the percentage of locally sourced foods (36). This measure aims to strengthen regional economies and increase locally generated jobs. The choice of this indicator is justified by its relevance in promoting sustainable food policies and its direct impact on local economies.

On the other hand, the technological dimension will be analyzed by considering the number of ingredients used in each recipe based on the assumption that a greater number of ingredients may require longer processing times. This is established as an operational limitation. This approach seeks to optimize ingredient efficiency and promote more sustainable practices in the kitchen. Furthermore, it allows for identifying opportunities to improve technological efficiency in food preparation.



3.2 Indicators description for SDI2

The CF is an environmental indicator used to quantify the greenhouse gas (GHG) emissions produced directly and indirectly throughout a production system, following the principles of ISO 14064 for LCA. This environmental indicator is considered the most common in evaluating eating habits (7, 43). However, Nemecek et al. (14) notes that considering GHG emissions alone is insufficient to address the environmental impacts of food, as it lacks other impacts related to agricultural production and water consumption. Therefore, it is also necessary to evaluate food's water footprint (WF). The water needs in food production systems for crop irrigation and food processing have received particular attention in recent years due to the decreasing availability of water worldwide (44). Thus, it is concluded that it is important to seek the reduction of both environmental impacts when evaluating a sustainable diet.

On the other hand, it is relevant to promote the consumption of local foods (LAI), avoiding the consumption of imported foods. Mainly because imported foods require more processing, packaging, and travel long distances, generating a significant environmental impact (45). Additionally, referring to local foods commonly alludes to seasonal foods, which are produced under minimal artificial intervention in crops, thereby contributing to the reduction of environmental impact and fostering local employment generation (7, 45, 46). Ultimately, local production must be considered from an environmental and social perspective when discussing sustainable diets.

Furthermore, according to González-García et al. (47), animal-based ingredients (AI) have the highest scores in terms of CF and WF, especially red meat (RMI) (48). Therefore, if the goal is to reduce their impact on diets from a sustainable perspective, it is important to consider reducing meat portion sizes, decreasing frequency, or adopting new dietary guidelines (49, 50). However, this can lead to potential malnutrition and undernutrition problems (49, 51). Thus, studying the balanced incorporation of animal-based ingredients is essential for a sustainable diet.

Lastly, reducing food waste (FW) decreases the environmental burden on landfills, reduces the costs associated with its management, and promotes more efficient use of available resources. This aligns with sustainability and environmental responsibility (45, 52).



3.3 Selection of Multi-Criteria Decision Analysis (MCDA)

To construct the SDI, two weighting assignment scenarios will be analyzed. The first scenario, s1, corresponds to an equal weighting for all criteria, while the second scenario, s2, corresponds to a biased weighting assigned by nutrition experts. This comparison allows us to analyze whether there are differences between the rankings' compositions to understand the impact of the preferences.

To select an MCDA method that allows for the assignment of a biased weighting, the Multiple Criteria Decision Analysis Methods Selection Software (MCDA-MSS) created by Cinelli et al. (53) was used. This software includes a set of more than 200 MCDA methods, representing different schools, approaches, and trends within MCDA. The tool is valuable for selecting and identifying possible errors when choosing the MCDA method. It works through a series of questions aimed at helping analysts and researchers understand and describe complex decision-making processes, facilitating the recommendation and selection of the most appropriate MCDA methods for each case study (53).

For this study, the MCDA-MSS software recommended the use of the TODIM method, an acronym in Portuguese for Interactive and Multicriteria Decision Making (54, 55), based on Prospect Theory (56). This approach allows for ranking alternatives according to the preferences of decision-makers, where evaluations are not solely based on the final result but incorporate a model that reflects their perception of gains and losses relative to a reference point (55, 57). Compared to other MCDA techniques that typically assume linear and compensatory reasoning, TODIM introduces a more behaviorally realistic model, enhancing its applicability to multidimensional evaluations (55). This is particularly valuable in sustainability assessments, where decision-making often involves conflicting objectives. One of the distinguishing features of the TODIM method is its ability to address uncertainty, a relevant characteristic in sustainability-related decision-making (58). Additionally, this method is notable for performing pairwise comparisons between decision criteria, offering simple yet effective resources to resolve potential inconsistencies arising from these comparisons. Thus, it allows for constructing a criteria hierarchy and considering interdependence relationships between alternatives (59).

According to the study (60), the TODIM method consists of the following steps:

1. Evaluation of alternatives according to criteria: All alternatives are evaluated based on the previously defined criteria. An evaluation matrix with all necessary data in numerical form is created.

2. Normalization of the evaluation matrix: The data in the evaluation matrix are normalized by dividing the value of each alternative by the total sum of values assigned to all alternatives for that criterion. This normalization generates a new matrix with values from 0 to 1, ensuring a direct comparison between them.

3. Definition of criteria weighting: The weights of each criterion are determined and normalized to calculate a dominance matrix. The decision-makers must indicate the reference criterion (the most important) for the calculations. The weight of each criterion, determined by the decision-makers on a numerical scale, is normalized by dividing the weight of each criterion by the weight of the reference criterion, thus generating the normalized weights Wrc, where Wrc is the weight of criterion c divided by the weight of the reference criterion r. To determine the weights of each criterion, they must be prioritized through a mutual comparison. This process is carried out using the Analytical Hierarchy Process (AHP) method (61), which allows for a comparison between different study criteria to determine which is preferred. For this, a rating scale is used, ranging from 1 to 9, where:

• (1) Equal importance: Both criteria contribute equally.

• (3) Moderate importance: Judgment slightly favors one criterion over the other.

• (5) Strong importance: One criterion is clearly more important than the other.

• (7) Very strong importance: One criterion strongly dominates the other. This dominance is proven.

• (9) Extreme importance: One criterion dominates the other with the highest possible order of magnitude.

• (2,4,6,8) Intermediate values: Values used to express preferences between two values of the above scale.

After all the comparisons, the weighting assigned by the nutrition professionals to each criterion is indirectly calculated, providing a quantitative measure of its importance. Additionally, the consistency of the responses is verified using the Consistency Index (CI) and the Consistency Ratio (CR). The CR must be less than or equal to 0.10 (10%) to ensure the study's validity and the reliability of the derived decisions. A CR value above this threshold indicates the presence of significant inconsistencies in the pairwise comparisons, which may require a review and correction of the evaluations to ensure consistency. Finally, the individual assignments of each decision-maker are averaged to determine the overall results, thus ensuring an accurate and well-founded evaluation.

4. Degree of dominance of the alternative: A mathematical procedure must be followed to determine the degree of dominance between alternatives, based on Prospect Theory (56). The dominance of alternative Ai over another alternative Aj is calculated using Equation 1. This is given by the sum of relative gains and losses between the alternatives. Equation 2a describes the gain part of the value function, while Equation 2c represents the loss part. Equation 2b is applied when neither gain nor loss exists.

δ(Ai,Aj)=∑c=1mΦc(Ai,Aj),∀(i,j).      (1)

When:

Φc(Ai;Aj)={wrc(Pic−Pjc)∑c=1mwrcsi, (Pic−Pjc)>0, (a)0si, (Pic−Pjc)=0, (b)−1θ(∑c=1mwrc)(Pjc−Pic)wrcsi, (Pic−Pjc)<0. (c)      (2)

Where:

• Φc(Ai, Aj) represents the measure of the dominance of Ai over Aj.

• m indicates the total number of criteria evaluated.

• c refers to a specific criterion, with c = 1, …, m.

• wrc is equal to wc divided by wr where r is the reference criterion.

• Pic and Pjc are the performances of alternatives Ai and Aj in relation to c.

• θ is the attenuation factor of losses, affecting the shape of the value function in loss situations.

This structure allows for evaluating the alternatives, considering both gains and losses concerning the established criteria, reflecting the complexity of decisions in uncertain environments, and providing a basis for informed decision-making.

5. Global dominance degree: Once all the dominance matrices for each criterion are calculated, a final dominance matrix is created, where δ(Ai, Aj) sums all the corresponding elements of the partial matrices. Then, to quantify the overall value of each alternative i, Equation 3 is used. This equation normalizes all dominance measures, allowing for a ranking of each alternative based on their values. Finally, the result is a complete ordering of all the alternatives, providing an analysis of all available options for decision-making, thereby facilitating the identification of the most sustainable options.

ξi=∑j=1nδ(Ai,Aj)-minj=1nδ(Ai,Aj)maxj=1nδ(Ai,Aj)-minj=1nδ(Ai,Aj).      (3)
 

3.4 Data collection

In Chile, food and nutritional security presents significant challenges. According to the report (62), the population over 15 years old in the country ranks second in Latin America for the highest rates of overweight and obesity, as well as second in the consumption of ultra-processed foods in the region (63). Additionally, it is among the top 10 countries with the highest per capita meat consumption worldwide (64). This reality highlights the importance of assessing the environmental impact of the Chilean diet and implementing improvements that promote sustainability. In response to this situation, Chile has developed the National Sovereignty Strategy for Food Security (65), establishing a comprehensive approach to the food system to guarantee the right to food. Faced with both global and national challenges, such as the dependence on imported foods and the degradation of natural resources, this initiative focuses on promoting access to productive resources, fostering sustainable practices, valuing local production, and ensuring the conservation of natural resources and biodiversity, thus promoting a more sustainable food system.

In this context, this research focused on a public university in Chile, located in Santiago. The university has a strategic sustainability objective, evidenced through the annual publication of a sustainability report. Unlike other higher education institutions that opt to outsource food services, this university directly manages its cafeteria. In practice, the university cafeteria is managed by a specific operational area, capable of offering 3,000 culinary preparations per day, highlighting its capacity to significantly influence the promotion of sustainable eating practices within the university community.

The main data used in this study are derived from the ingredients used in culinary preparations. Data collection was collected through interviews with the cafeteria manager and through collaborative work with kitchen staff and institutional nutritionists. Using daily menus as a reference, the team reconstructed and validated the quantity of each ingredient used per preparation, ensuring accurate measurements based on standard serving practices. This collaborative process allowed for a detailed and context-specific dataset. In total, meals offered over a four-month period were analyzed, providing a comprehensive understanding of the food composition available to students and staff.

To evaluate the sustainability dimensions and indicators such as carbon footprint, water footprint, impact on biodiversity and ecosystems, resource scarcity in monetary terms, and disability-adjusted life years, the software SimaPro version 9.4.0.4 was used. Specialized databases such as Ecoinvent 3, Agribalyse_V3.01, Agri-footprint 5, Exiobase, World Food LCA, and WEEE LCI were utilized. This allowed for precise estimates for each ingredient studied, ensuring an accurate analysis of the culinary preparations. Various factors were considered for the comprehensive analysis of the emissions generated by the culinary preparations. Initially, the emissions originating from food production and the emissions resulting from the transportation of each ingredient from its production site to the preparation site in the university were evaluated based on the study (38). The food production locations were identified through extensive research, primarily using data from the Chilean Office of Agricultural Studies and Policies (ODEPA) (66, 67). Additionally, the amount of waste generated by each ingredient during culinary preparation was estimated based on information collected by Cáceres Rodríguez and Lataste Quintana (68). Lastly, the emissions associated with the transportation of food waste to the Santa Marta landfill in the Metropolitan Region of Chile, including the emissions related to the landfill operation, were incorporated.

A price search was conducted to determine the costs associated with acquiring ingredients for culinary preparations, expressed in Chilean Pesos (CLP). Most of these data were obtained from ODEPA (69). Ingredients not found in the ODEPA database were searched for in the public market, given its relevance as a procurement platform for public sector entities (70). Traditional supermarkets were consulted (71, 72) for information on ingredients absent from these sources. With all the collected price information, the total value of each culinary preparation was calculated, considering the amount of each ingredient used.

To determine the nutritional information of each ingredient, the USDA Food and Nutrient Database was used (73). The daily reference values and maximum recommended values for the nutrients used in this process were adopted from the study by Drewnowski (40). This information allowed for evaluating the nutritional quality of each culinary preparation. Additionally, each ingredient was classified according to its food category.




4 Results

This section presents the results obtained for the sustainability diet index for culinary preparations and menus, considering the case study of the University of Santiago of Chile (USACH) for both defined scenarios.


4.1 Data collection of the case study

The data collection for the case study is focused on the culinary preparations offered by the university cafeteria, which are organized into menus that include a starter, a main course, and a dessert, i.e., three culinary preparations. According to the information collected in García-Leal et al. (38) and supplemented by recent interviews with the cafeteria managers, 56 different starters, 92 main courses, and 33 desserts were identified. For the menu analysis, we focused on those effectively delivered to the community and presented combinations of the identified culinary preparations, totaling 67 menus. This allows for a varied analysis of food options from a sustainability perspective. The detailed values of the criteria for each preparation can be found in the Supplementary material.



4.2 Survey analysis

Implementing the TODIM method allows for weighting the criteria under study (s2). In this particular case, two different analyses are considered: one focused on sustainability dimensions (SDI1) and the other on indicators (SDI2). To establish these weightings, surveys were conducted with nutrition experts to identify the aspects they consider most relevant in sustainable food. The surveys were based on the AHP criteria ranking scale (61). To ensure the representativeness of the sample of experts, the existence of approximately 12,400 nutritionists in Chile was considered, according to the study by Durán Agüero et al. (74). Establishing a confidence level of 85% and a margin of error of 15%, it was calculated that at least 23 surveys were needed to obtain a significant sample.

The survey was designed in an online format and validated by the ethics committee of the University of Santiago de Chile (75). Invitations were sent via email, and promotion was done through social media, specifically Instagram. Each invitation included informed consent detailing relevant study information and ensuring participant confidentiality to guarantee research transparency. Between October and December 2023, 25 experts with diverse professional profiles participated. These included: 17 experts in research and teaching (focused on scientific research related to nutrition); 2 clinical experts (focused on the treatment and prevention of diseases through nutrition); 1 sports expert (dedicated to helping individuals who engage in intense physical activity); 1 expert in primary and community care (focused on public health and nutritional education programs in communities); and four food service experts (specialized in planning and managing food services). These experts provided their perspectives on the different sustainability dimensions and indicators, providing the weights presented in Tables 1, 2, respectively.

TABLE 1  Biased weighting of sustainability dimensions according to experts (SDI1–s2).


	Dimensions
	Research
	Clinical
	Sports
	Primary and community care
	Food service
	Global





	Economic
	0.068
	0.031
	0.075
	0.348
	0.191
	0.142

 
	Environmental
	0.281
	0.477
	0.510
	0.183
	0.375
	0.365

 
	Social
	0.235
	0.250
	0.254
	0.341
	0.255
	0.267

 
	Political
	0.248
	0.158
	0.111
	0.052
	0.093
	0.132

 
	Technological
	0.169
	0.083
	0.050
	0.077
	0.085
	0.093

 
	Consistency index
	0.057
	0.103
	0.099
	0.108
	0.110
	-

 
	Consistency ratio
	0.051
	0.092
	0.088
	0.097
	0.098
	-






TABLE 2  Biased weighting of indicators according to experts (SDI2–s2).


	Indicators
	Research
	Clinical
	Sports
	Primary and community care
	Food service
	Global





	Carbon footprint
	0.099
	0.177
	0.301
	0.088
	0.111
	0.155

 
	Water footprint
	0.172
	0.219
	0.273
	0.071
	0.274
	0.202

 
	Local ingredients
	0.151
	0.139
	0.168
	0.295
	0.090
	0.169

 
	Animal-based ingredients
	0.081
	0.127
	0.035
	0.318
	0.168
	0.146

 
	Red meat (beef) ingredients
	0.159
	0.137
	0.030
	0.151
	0.247
	0.145

 
	Food waste
	0.338
	0.201
	0.193
	0.078
	0.112
	0.184

 
	Consistency index
	0.023
	0.122
	0.121
	0.125
	0.088
	-

 
	Consistency ratio
	0.018
	0.098
	0.098
	0.100
	0.071
	-






The analysis of the CI and CR indicates a satisfactory level of coherence among the experts' evaluations, with consistency ratios below 10%, demonstrating a high degree of agreement in their judgments. Notably, all consistency ratios are below 0.10, except for one that exactly reaches this threshold. This level of consistency reflects the reliability of the assigned weightings, indicating that the experts' evaluations are logically coherent and can be considered solid for decision-making based on sustainability criteria.

Regarding the weightings assigned to the sustainability dimensions, Table 1 illustrates that the environmental dimension stands out. This highlights the experts' recognition of the urgent need for sustainable actions to protect the environment. Across all specialties, the social dimension is highly valued, reflecting a shared interest in promoting collective wellbeing and social responsibility. Moreover, the balanced weighting among the environmental, social, and political dimensions, as noted by researchers, clinicians, and sports nutritionists, suggests a comprehensive perspective on sustainability. Food service and community care professionals emphasize the classic dimensions of sustainability, which aligns with the practical applications of their work. Although the technological dimension receives comparatively less attention, it is recognized as a promising area for optimizing sustainability within the food chain.

Analyzing the weightings provided by global experts concerning the various indicators, it becomes evident that the water footprint holds the greatest significance (see Table 2). This is particularly relevant given Chile's water crisis, as the country ranks 18th for “high water stress” according to a recent report (76). Additionally, food waste is identified as a major cost factor, affecting both energy usage and financial resources, and it has a considerable environmental impact on Chilean households (77). These indicators demonstrate a commitment to improving water management efficiency and reducing waste. In contrast, animal-based ingredients and red meats received the lowest weightings, indicating they are considered less of a priority in this context.

The analysis reveals variations in priorities based on the experts' specializations. Researchers and educators strongly emphasize water and waste management, reflecting their focus on long-term sustainability in response to Chile's water crisis. Clinicians and nutritionists working in food services also underscore the importance of the water footprint, aligning their priorities with disease prevention and efficient water use goals. In contrast, sports experts highlight the carbon footprint, underscoring the implications of climate change in the sports sector. Finally, community nutrition specialists emphasize the consumption of local and animal-based ingredients, reflecting the importance of sustainable nutrition practices within communities.



4.3 SDI results for culinary preparations and menus in both scenarios

To conduct a more detailed analysis, the results were separated by food aggregation level: (i) culinary preparations (including starters, main courses, and desserts) and (ii) menus. Then, both the index (SDI1 and SDI2) and scenarios (s1 and s2) are assessed by each category. Figure 2 shows the variance assessment for the rankings obtained in each case.
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FIGURE 2
 Box plots. Rankings of culinary preparations and menus with sustainability dimensions and indicators (SDI1 and SDI2). (A) Starters. (B) Main courses. (C) Desserts. (D) Menus.


Figure 2A shows the results of the four rankings for starters. Considering the rankings by sustainability dimensions for starters (SDI1), we observe greater variability than the indicator rankings. This variability is indicated by a standard deviation of 0.2174 for the dimensions compared to 0.2160 for the indicators. Despite this variability, no significant differences are noted between the results obtained using equitable and biased weights (s1 and s2). However, a clear preference remains for recipes that use vegetables and local products. Notable examples include “Spinach with carrots” and “Broccoli with cauliflower” which stand out for their reduced environmental footprint, ranking among the top ten in terms of economic and social dimensions. Conversely, meat-based recipes are classified as less sustainable and occupy the lowest positions in the dimensions rankings (see Supplementary Table S8). The results show no significant differences in the rankings for the indicators (SDI2) regardless of the type of weighting applied, whether equitable or biased (s1 and s2). It is noted that starters with a higher inclusion of plant-based and local ingredients, such as “Cabbage with olives,” “Vegetable cream,” and “Spinach with carrots,” stand out for their sustainability in (SDI2). In contrast, preparations that include meat, such as “Beef consomme” and “Empanada de pino,” are positioned lower, indicating a more significant negative environmental impact due to their high carbon footprints and the use of red meat ingredients. At the lower end of both indicator rankings, for starters, preparations such as “Celery with avocado and vegetables,” “Tomato with coriander,” and “Celery with bell pepper” are characterized by their considerable water footprint and significant waste generation. Additionally, Figure 2A show that (SDI2) presents a narrower interquartile range (IQR) compared to the sustainability dimensions. This indicates less dispersion in the evaluation of the recipes.

Regarding the analysis of the rankings for main courses, presented in Figure 2B, preparations predominantly composed of vegetables and legumes, such as “Pasta with mushroom and corn sauce,” “Noodles with sauce and vegetables,” and “Humitas” rank highest in both indicator rankings. This suggests that the balanced integration of plant-based ingredients significantly contributes to the sustainability of the culinary preparation, mitigating the negative impacts of animal-based ingredients. Nonetheless, some culinary preparations that include meat and are found in the first quartile of the rankings seem to benefit from the significant inclusion of vegetables, legumes, or grains, partially offsetting the negative impact of meat. On the other hand, dishes with a high content of animal ingredients, such as “Roast beef with mashed potatoes,” “Roast pork with mixed vegetables,” and “Loin with corn pie,” are among the least sustainable. They face challenges not only in terms of carbon footprint and water consumption, negatively characterizing the environmental dimension, but also involve higher costs, negatively affecting the economic dimension (see Supplementary Table S9). It is worth mentioning that, in general, predominantly vegetable dishes tend to be associated with lower acquisition costs, highlighting their cost-benefit advantage from a sustainability perspective. Furthermore, examining the box plots of the main courses, a reduced variability in sustainability dimensions is revealed compared to individual indicators. This lower variability is reflected in a standard deviation of 0.1883 for sustainability dimensions and 0.2311 for indicators. This suggests a more uniform evaluation of sustainability, regardless of the specific weights applied, indicating a stronger consensus on the overall sustainability of these culinary preparations.

Figure 2C allows the analysis of the rankings of preparations categorized as desserts. When evaluating the rankings from different sustainability dimensions (SDI1), it is noted that desserts with multiple ingredients and more complex preparation processes tend to be classified as less sustainable, negatively impacting the technological dimension. These include “Chocolate flan,” “Fried bananas with cream,” and “Carrot cake,” which are also characterized by offering lower nutritional value and being associated with higher costs compared to the desserts under study. Despite the need to prepare “Pineapple jelly,” it remains the most sustainable dessert. This suggests that its simplicity in both preparation and ingredients, along with the absence of waste generation, leads to a lower impact on the sustainability dimensions (see Supplementary Table S10). According to the indicators ranking, the most sustainable desserts are “Pineapple jelly,” “Baked milk,” and “Brazo de reina,” standing out under both weightings. These desserts are notable for their limited environmental impact, evidenced by low carbon and water footprints. “Baked milk” and “Brazo de reina” particularly stand out for their use of local ingredients, contributing to mitigating their environmental impact compared to other desserts that do not incorporate these ingredients. In contrast, desserts such as “Mango” and “Raspberry” rank among the least sustainable, primarily due to their high environmental footprints. The box plots in Figure 2C indicate that desserts, in terms of indicators, show a medium-high sustainability rating and demonstrate comparatively lower variability than the evaluation by sustainability dimensions. This is reflected in a variance of 0.0356 and a standard deviation of 0.1888 for the indicators, compared to a variance of 0.0662 and a standard deviation of 0.2573 for the dimensions.

Figure 2D presents the results for the four rankings obtained for the menus. Regarding the sustainability dimensions rankings, the menus identified as the most sustainable include n°58: “Lettuce with green beans and carrot,” “Vegetarian charquican,” and “Orange”; n°1: “Lettuce with carrot,” “Lentils,” and “Orange;” and n°10: “Cabbage with mixed lettuces,” “Vegetarian potato pie,” and “Orange,” considering both weightings. These menus stand out for achieving an adequate balance between all the evaluated sustainability dimensions, ranking among the top 10% of the best-rated menus in terms of political and economic dimensions. Notably, according to this ranking, the ten most sustainable menus are free of animal-based ingredients, reaffirming that vegetarian preparations tend to be associated with lower costs and have a lesser impact on CF and WF, showing a trend toward local and vegetarian ingredients. In contrast, the menu classified as the least sustainable according to this ranking, for both weightings, is n°54: “Cabbage with mixed lettuces,” “Roast beef with mashed potatoes,” and “Baked milk.” This menu stands out for its high proportion of animal-based ingredients and for significantly impacting the environmental dimension. Its classification as the second worst according to the NRF 9.3 index is also relevant, negatively affecting the social dimension of the evaluation.

The evaluation of the menus in the indicators rankings reveals that, under both weightings (s1 and s2), menus n°4, n°53, and n°10 stand out for their sustainability. For example, menu n°4, which includes “Lettuce with carrot,” “Noodles with sauce and vegetables,” and “Apple,” presents one of the lowest water footprints and waste generation among the analyzed menus. Despite containing animal-based ingredients, this menu is characterized by a lower presence of such ingredients. Similarly, menu n°10, which consists of “Cabbage with mixed lettuces,” “Vegetarian potato pie,” and “Orange,” ranks among the menus with the least waste generation and the greatest use of local ingredients, thus positioning itself as a more sustainable menu. On the other hand, although menu n°53, composed of “Tomato with onion,” “Minestrone,” and “Apple,” does not register the lowest carbon and water footprints, its preference for local ingredients and contributions close to the average of each indicator also rank it among the most sustainable. Conversely, the menus considered the least sustainable, such as n°26, composed of “Tomato with lettuce,” “Fish with rice and vegetables,” and “Jelly,” and n°39, which includes “Tomato with green beans,” “Chicken with mashed potatoes and green beans,” and “Marbled jelly,” are characterized by high consumption of animal-based ingredients and a significant water footprint. Menus that incorporate animal-based ingredients, specifically fish, beef, or chicken, tend to occupy the lower positions in both rankings, mainly because their production is associated with considerable water consumption and greenhouse gas emissions, negatively impacting the evaluation of indicators.

The comprehensive evaluation of the menus, presented in Figure 2D, reveals that the ranking of dimensions shows more significant variability than the ranking of indicators. This is reflected in a standard deviation of 0.2540 for the dimensions compared to 0.2297 for the indicators. Additionally, the data distribution suggests symmetry around the mean.

After individually analyzing the categories of preparations, it has been identified that the differences between the equitable and biased weightings (s1 and s2) are minimal in both rankings applied (SDI1 and SDI2), indicating that the weighting methods have a limited impact on the variability of the results for the case studied. These findings suggest that sustainability rankings are robust across different weighting approaches, reinforcing their reliability for decision-making in large-scale food services. However, a deeper exploration of these results is needed to understand their broader implications, particularly in terms of their applicability to sustainable food policies and their potential to influence menu design strategies.




5 Discussion

The findings indicate that the sustainability of a menu does not always align with the sustainability rankings of its individual components. This suggests that interactions between food items play a crucial role in determining overall sustainability. For instance, menu n°53: “Tomato with onion,” “Minestrone,” and “Apple,” was ranked among the most sustainable according to the indicators ranking, despite none of its individual dishes being highly ranked. This discrepancy highlights the need to evaluate sustainability at a holistic level, considering how different food components interact to balance nutritional, environmental, and economic impacts. This multidimensional perspective aligns with Gazan et al. (34), who showed that integrating diverse dimensions into unified food sustainability database enhaces the robustness of assessments.

A key aspect of the rankings is that lower variability makes it more difficult to distinguish which culinary preparations are more sustainable. When rankings show little dispersion, the differences between preparations become less perceptible, whereas greater variability allows for clearer distinctions. Although the variability observed with the TODIM method is not highly significant, a slight dispersion is present. Notably, rankings based on sustainability dimensions (SDI1) exhibited greater variability than those based on indicators, reinforcing the idea that evaluating entire menus rather than individual preparations provides a more comprehensive assessment of sustainability. Furthermore, the results confirm that the inclusion of a specific preparation does not automatically determine the sustainability level of the entire menu, emphasizing the importance of holistic evaluations.

Figure 3 represents a selection of the main menus from the sustainability dimensions ranking. Although only 16 menus are visualized in the figure, these correspond to the four most representative menus of each quartile of the ranking. It can be observed that the size of each circle indicates the menu's position within the ranking: the larger the size, the better the menu's classification in terms of sustainability. This graphical representation allows for a concise and visual appreciation of the menus leading in sustainability and those that, although included in the analysis, present greater opportunities for improvement. The strategic selection of menus from each quartile provides a clear understanding of the distribution of sustainability throughout the ranking.
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FIGURE 3
 Bubble chart. Rankings of menus evaluated with sustainability dimensions.


Regarding the extremes of sustainability represented in the rankings, there is a notable consistency in the menus classified as the most and least sustainable between the first and last quartiles. The most sustainable menus remain constant despite the variation in weightings, with n°58, n°1, n°10, and n°9 leading the rankings. On the other hand, the menus categorized as the least sustainable are n°54, n°11, n°3, and n°40.

Among the least sustainable menus, menu n°11, which consists of “Beetroot with carrot and coriander,” “Roast beef with mixed vegetables,” and “Raspberry mousse,” as well as menu n°3, composed of “Mixed cabbage,” “Roast beef with chard cream,” and “Fruit jelly,” stand out for not meeting the minimum standards in the social dimension. According to the NRF 9.3 index, these menus offer virtually no nutritional value. They are also among those with the most negative impact on the environmental dimension and are classified within the 25% most costly menus of the study. Although menu n°11 might have a favorable ranking in the political dimension due to its use of local ingredients, this single advantage is insufficient to mitigate the negative effects in the other dimensions.

Additionally, menu n°40, composed of “Lettuce with tuna,” “Tomaticán with rice,” and “Strawberry,” also figures among the worst positioned in environmental terms, mainly due to its high impact on the “Species.yr” indicator. This menu is likewise among the most disadvantaged in the economic dimension. It is important to highlight that, according to the ranking, the least sustainable menus consistently involve the use of animal-based ingredients, which has a direct and considerable effect on the environmental impact of the preparations, regardless of the applied weighting.

The research reveals slight differences between the menus in the second and third quartiles (see Supplementary Table S7). For example, menu n°59, which includes “Beetroot with carrot,” “Roast chicken with spinach cream,” and “Mandarin,” contains animal-based ingredients. This detail suggests a slightly higher environmental impact than those based on legumes; nonetheless, menu n°59 falls within an average range compared to the other evaluated menus. In the economic dimension, this menu shows a lower acquisition cost than the average, but not low enough to classify it among the most economical. In terms of nutritional quality, while it offers a positive contribution, it does not particularly stand out, unlike the menus in the first quartile. For the technological dimension, the situation is similar; the menu does not show any particularities that make it stand out. However, in the political dimension, this menu achieves a significantly positive impact due to the extensive use of local ingredients, allowing it to partially offset the negative repercussions in the other dimensions.

Similarly, menu n°13, composed of “Cabbage with beetroot,” “Beef stew with noodles,” and “Fruit jelly,” despite being classified as one of the best in the social dimension and remaining accessible within the economic dimension, faces significant challenges in the environmental dimension. Specifically, its carbon footprint is considerable, mainly due to the use of animal-based ingredients in the main course and, in the dessert case, a more intensive preparation that implies less efficient use of ingredients. Although this menu does not occupy a prominent position in the overall ranking, it exemplifies how the different dimensions of sustainability interrelate and contribute to each other, creating a balanced menu that meets the minimum standards of each evaluated dimension.

While the methodology proposed in this study was developed and validated within the Chilean context, its generalizability to other cultural and geographical settings warrants further consideration. As observed in the Chinese case study by Li et al. (33), sustainability indicators must often be adapted to reflect regional dietary habits, ingredient availability, and socio-political priorities. Additionally, the relative weighting of dimensions may vary significantly across countries or institutions, suggesting the need for contextual calibration.

Moreover, despite the comprehensiveness of the index, certain limitations persist. As noted by Gazan et al. (34), compiling accurate and harmonized data across nutritional, economic, environmental, and social metrics is a major challenge. In many cases, data gaps, particularly in cultural acceptability, contaminants, or preparation techniques, may affect the completeness of assessments. Therefore, future applications of this index should account for local data constraints and consider stakeholder input to ensure relevance and robustness.

The discussion highlights the importance of a comprehensive sustainability assessment, covering environmental impact as well as nutritional, social, economic, political, and technological aspects. The results of this study indicate that the adoption of sustainable food practices transcends the environmental dimension, playing a crucial role in promoting health and overall wellbeing. The choice of ingredients, the combination of menu dishes, and culinary practices exemplify how informed decisions can foster a positive impact beyond the kitchen.

Therefore, food systems must recognize and adopt these sustainable practices, not as an isolated facet but as a global approach essential in food production and consumption. The results demonstrated that implementing sustainable food practices should not be limited to the environmental dimension but also enhance their benefits to health, economic stability, and social wellbeing.



6 Conclusions

Sustainability is key to mitigating the environmental impact of the food chain, a challenge amplified by the climate crisis. This study recognizes the need for a multidimensional analysis of sustainability, encompassing various indicators for the sustainability dimensions and designing a comprehensive index to evaluate diet sustainability through culinary preparations. This index can serve as a practical tool for institutions such as school or university canteens, public procurement agencies, or menu planners in food services to assess and improve the sustainability of their offerings in a systematic and informed manner. Its implementation may support actions such as menu reformulation, ingredient substitution, procurement planning, or sustainability reporting in institutional food services.

Throughout this research, different sustainability dimensions and indicators were evaluated. It was highlighted that sustainability is not limited to environmental aspects such as carbon and water footprints; it transcends to include the origin of ingredients, waste management, nutritional quality, and efficiency in food consumption. This represents an opportunity to promote health and wellbeing through responsible and conscious culinary decisions.

The analysis in this research showed a comparison between weightings established by experts and equitable weightings, evidencing reduced variability, thus allowing uniform weightings to serve as a reliable reference point for future evaluations. The results indicated that preparations with a high presence of animal products, especially meat, are less sustainable, emphasizing the impact of ingredient origin and transportation. It was evidenced that environmental aspects are only a part of sustainability, demonstrating the need to incorporate various aspects in the study to encompass the impact of food fully. Food systems must value and integrate these practices to facilitate an effective transition toward dietary patterns that harmoniously balance all dimensions of sustainability for a more resilient future. Furthermore, the index may be adapted by practitioners to reflect local priorities or institutional goals, increasing its relevance and applicability in diverse contexts. In conclusion, this study highlights the multidimensionality of sustainability and contributes to developing more sustainable food practices.

For the development of future work, it would be beneficial to explore a broader range of culinary preparations and menus, with a special focus on increasing vegetarian and vegan options, to assess their comparative impact on diet sustainability. Additionally, it would be advantageous to incorporate new indicators that measure the impact of food practices. Among the indicators to consider are land use, which measures the surface area required to produce food; energy consumption, which evaluates the total energy consumed in food production and preparation; access to nutritious foods; food security; the adoption of sustainable technologies in food production; social acceptance; and preparation time, among others. Moreover, strengthening the set of technical indicators by exploring innovations in food preparation, processing, or service could improve the index's ability to identify opportunities for optimization and to support actionable improvements in sustainable diet practices. For instance, evaluating the impact of low-energy cooking techniques could provide relevant insights for strengthening the technical dimension. Including these indicators will not only enrich the analysis of diet sustainability but also facilitate the formulation of more effective and specific strategies to promote sustainable food practices at the national level. Considering the seasonality of ingredient availability may also help refine the index and improve its applicability across different contexts. Overall, this work reinforces the value of integrative and flexible evaluation tools to support the transition toward more sustainable and resilient food systems.
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