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Abstract 13 

Food systems are one of the main drivers of the global greenhouse gases emissions from 14 

anthropogenic sources, which could be aggravated by the projected increase in world 15 

population. Hence, the adoption of sustainable diets that guarantee good and accessible 16 

nutrition and a low environmental impact is an increasingly important need. This goal is, by 17 

nature, a multi-dimensional and multi-criteria challenge that should take into account nutritional, 18 

environmental and socio-economic aspects. In this sense, this work proposes a novel 19 

methodological framework that involves the use of Data Envelopment Analysis for the efficiency 20 

assessment of dietary patterns integrating nutritional (Nutrient Rich Diet 9.3 index), 21 

environmental (carbon footprint) and socio-economic criteria (number of deaths due to tumours 22 

of the digestive system, obesity-related health expenditure, and number of persons with food 23 

shortages). The applicability of this methodology is proven through the case study of the dietary 24 

patterns of the 17 Spanish autonomous regions. The analysis reveals the existence of seven 25 

autonomous regions with sustainable dietary patterns. Furthermore, most regions have multi-26 

criteria efficiency scores above 0.60, which suggests the presence of relatively good dietary 27 

habits in Spain. Overall, it is concluded that the proposed methodology is a viable and valuable 28 

tool for benchmarking dietary patterns under multiple cross-cutting criteria. 29 
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1. Introduction 38 

Food systems encompass a wide range of processes and activities focused on feeding 39 

the population, such as the production, processing, packaging, transporting, marketing and 40 

consumption of food (Duchin, 2005; Vermeulen et al., 2012). In this sense, they are one of the 41 

main drivers of global greenhouse gas (GHG) emissions from anthropogenic sources (≈ 25%) 42 

(Niles et al., 2017; Payne et al., 2016; Springmann et al., 2016). Furthermore, it is expected that 43 

by 2050 the world population will have increased to nearly ten billion people (United Nations, 44 

2017) and thus the environmental pressure caused by the food system will also be much 45 

greater (Springmann et al., 2018; Steffen et al., 2015). Hence, a set of actions is required to 46 

adequately mitigate the effect of the expected environmental pressure. These actions could be 47 

focused, for example, on improvements in technology and management practices, reducing 48 

food loss and waste production, and changing dietary habits of population. For instance, the 49 

latter could involve promoting the consumption of plant-based products since about 80% of 50 

GHG emissions derived from the food system come from animal-based products (Springmann 51 

et al., 2016, 2018). In this regard, many recent studies highlight the environmental benefits 52 

associated with dietary patterns that are less dependent on animal-origin products (Esteve-53 

Llorens et al., 2019; Hallström et al., 2015; Meybeck and Gitz, 2017). 54 

In addition to a low environmental impact, nutritional quality is also necessary to achieve 55 

a sustainable diet. According to the definition from the Food and Agriculture Organization of the 56 

United Nations (FAO), a sustainable diet should have a low environmental impact, while 57 

ensuring food safety and security and, therefore being protective and respectful of biodiversity 58 

and ecosystems, accessible and economically fair and affordable (FAO, 2010). In this way, a 59 

high intake of vegetables, fruits and whole grains is related to suitable nutritional quality and 60 

also to the prevention of chronic diseases such as cancer or cardiovascular diseases (Cencic 61 

and Chingwaru, 2010). Conversely, excessive consumption of red meats such as beef, 62 

processed and ultra-processed foods with high caloric and fat contents is not recommended 63 

(Friel et al., 2009), although meat supplies nutrients that plant-origin products cannot provide 64 

(Van Dooren et al., 2014). 65 

Bearing in mind the concept of sustainable diet (FAO, 2010), the Mediterranean diet is 66 

widely recognised as an example, as it is a plant-based diet with a moderate intake of animal-67 
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based products (Castañé and Antón, 2017). It is the most widespread traditional consumption 68 

pattern in Spain, along with other suitable variations such as the Atlantic diet, located mainly in 69 

the northwest of the Iberian Peninsula (Esteve-Llorens et al., 2019; Vaz Velho et al., 2016). 70 

However, it is important to note that current consumption patterns deviate from the traditional 71 

Mediterranean recommendations (Sáez-Almendros et al., 2013), including some types of 72 

foodstuffs that are not advisable, such as industrially processed food (AECOSAN, 2018; MAPA, 73 

2018a). 74 

Moreover, socio-economic factors, such as lifestyle, along with marketing and economic 75 

factors, are also important when talking about access to safe and secure food consumption 76 

patterns (Appelhans et al., 2012; Pechey et al., 2013). Consumption habits differ regionally 77 

depending on cultural preferences and levels of development (De Ruiter et al., 2014). Food cost 78 

is a relevant contributor to socio-economic patterns of diets, since foods rich in energy and of 79 

lower nutritional quality tend to be cheaper (Drewnowski, 2010). Moreover, higher quality diets 80 

are often associated with higher food expenditures(Lee et al., 2011; Pechey et al., 2015). In 81 

addition, more educated consumers usually make healthier food purchase (Handbury et al., 82 

2015). 83 

Therefore, the achievement of sustainable diets is, by nature, a multi-dimensional and 84 

multi-criteria challenge. The measurement of sustainability should take into consideration 85 

nutritional, environmental and socio-economic aspects in order to ensure well-being and quality 86 

of life without increasing impacts on the environment. Furthermore, this measurement is 87 

particularly relevant when a high variability of dietary patterns is observed, even between 88 

regions within the same country. However, a lack of comprehensive but practical metrics to 89 

measure the multiple aspects of sustainable diets has hampered progress towards analysing 90 

the influence of new guidelines and implementing relevant policies (Jones et al., 2016). Along 91 

with the development of well-defined and interdisciplinary criteria and metrics on the 92 

sustainability of diets, the need for tools that collectively accounts for this set of criteria is 93 

increasingly evident. Among the tools available to achieve this goal, Data Envelopment Analysis 94 

(DEA) is a linear programming tool to evaluate the relative efficiency of a number of 95 

homogenous entities (Cooper et al., 2007). Within the context of this study, this efficiency could 96 

be understood as a composite index that jointly interprets the sustainability of dietary patterns 97 
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under multiple criteria. This study aims to enrich the current literature on sustainability 98 

assessment of diets by developing and applying a methodological framework for the efficiency 99 

assessment of dietary patterns under multiple cross-cutting criteria. In particular, the Spanish 100 

dietary patterns are considered as the case study to test the feasibility of the methodology. To 101 

this end, the Spanish regions (17 autonomous regions) are analysed and benchmarked taking 102 

into account nutritional, environmental and socio-economic criteria. Beyond this specific case 103 

study, the proposed methodological approach is generally relevant to the multiple-criteria 104 

assessment of the efficiency of dietary patterns regardless of the geographical scope 105 

(regional/national/international). 106 

2. Materials and methods  107 

Differences in diets available worldwide are associated with variations in the aspects 108 

surrounding them, such as economic, social and environmental factors (Van Kernebeek et al., 109 

2014). Moreover, within the same country there may also be variations between regions, taking 110 

into account different cultural, lifestyle and climatic features, as is the case of Spain (MAPAMA, 111 

2017). In these circumstances, a methodological framework is developed herein to evaluate the 112 

multi-criteria efficiency of diets, including the factors mentioned above. Its feasibility is proven by 113 

applying it to the 17 Spanish autonomous regions. 114 

2.1. Spanish dietary habits across regions 115 

It is well-known that the Mediterranean diet is traditionally the one with the highest 116 

percentage of adherence in Spain (Bach-Faig et al., 2011). Additionally, it coexists with other 117 

lesser-known dietary patterns such as the Atlantic diet, located in north-western Spain (Vaz 118 

Velho et al., 2016). However, adherence to these traditional diets is shifting towards the so-119 

called western diet, with higher consumption of animal products, processed food, and lower 120 

intake of plant-based foods than recommended (Sáez-Almendros et al., 2013; Varela-Moreiras 121 

et al., 2010). Furthermore, the great differences that exist at both climatic and cultural levels in 122 

Spain also cause a variation between regional patterns of food consumption. In this sense, the 123 

type and amount of food differs among the 17 autonomous regions (Carbajal, 2013). 124 

2.2. Methodological framework for the efficiency assessment of diets  125 
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The methodological approach proposed for the multi-criteria efficiency assessment of 126 

diets is summarised in Figure 1. The methodological structure presented herein is a variant of 127 

the three-stage Life Cycle Assessment (LCA) + DEA method proposed by Lozano et al. (2010). 128 

In particular, the list of criteria included in the analysis is extended beyond the implementation of 129 

life-cycle indicators (Martín-Gamboa et al., 2017). In this regard, a nutritional quality index and 130 

socio-economic criteria are also taken into consideration to offer a holistic vision in terms of 131 

sustainability. As shown in Figure 1, the first step of the methodological framework refers to 132 

data acquisition for socio-economic indicators, as well as for the compilation of inventories 133 

needed to assess the carbon footprint (CF) and the nutritional quality index of the annual dietary 134 

patterns of the 17 average citizens (i.e., one average citizen per autonomous region). The 135 

socio-economic indicators chosen in this study are the following: number of deaths from 136 

tumours of the digestive system, obesity-related health expenditure and number of people with 137 

food shortages. The selection of these indicators is based on their ability to represent health, 138 

economic and social aspects closely related to dietary habits in Spain. A more explanation of 139 

these indicators is provided later in Section 2.3.4. The second step of the proposed 140 

methodology focuses on the calculation of the CF and the nutritional quality index, as detailed in 141 

Sections 2.2.1 and 2.2.2, respectively.  142 

The final stage involves the use of DEA as a tool for the multi-criteria efficiency 143 

evaluation of the dietary habits of the 17 autonomous regions in Spain. The usefulness of this 144 

approach for reporting a sustainability index has already been tested in the energy sector 145 

(Martín-Gamboa et al., 2019). For the present case study, the dietary habits of the average 146 

citizen of each Spanish autonomous region constitute the set of homogenous entities under 147 

assessment, also called decision making units (DMUs). In the DEA step, a data matrix (see 148 

Section 3.3) is processed to compute the efficiency scores of the dietary patterns of the Spanish 149 

regions. These multi-criteria efficiency scores can be understood as a composite index that 150 

jointly accounts the sustainability of Spanish dietary patterns under multiple cross-cutting 151 

aspects. 152 
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Figure 1. Methodological framework for the multi-criteria efficiency assessment of diets. 153 

2.2.1. Carbon footprint of diets 154 
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According to FAO (2010), one of the requirements for classifying a diet as sustainable is 155 

its low environmental impact. In this sense, the consumer is increasingly aware of the impact of 156 

certain type of foodstuffs on the environment, such as the amount of GHG emissions derived 157 

from a diet depending on the included foodstuffs (Annunziata et al., 2019; Thøgersen, 2017). In 158 

this study, the CF is selected as a key environmental indicator in all studies available in the 159 

literature regarding diets (Batlle-Bayer et al., 2019; Ritchie et al., 2018). Accordingly, an LCA 160 

approach is used to estimate the GHG emissions throughout the life cycle of the foodstuffs 161 

consumed (ISO 14040, 2006). Bearing in mind that the main objective is to evaluate the efficacy 162 

of diets taking into account the multiple criteria associated with the dietary patterns of the 163 

Spanish autonomous regions, in this LCA study only the production phase of food products is 164 

considered. In fact, this stage is the main source of GHG emissions in dietary patterns 165 

according to the literature, generating around 70% of them (Castañé and Antón, 2017; Esteve-166 

Llorens et al., 2019; Muñoz et al., 2010), and where the greatest variations may exist between 167 

the different regions analysed and the food consumed. Other stages such as transport, 168 

household activities and waste disposal, are omitted because minor fluctuations are expected 169 

between the autonomous regions within a country (Heller et al., 2013). Therefore, the LCA 170 

approach follows a cradle-to-gate perspective. 171 

The functional unit (FU) selected for this study refers to the foodstuffs purchased by the 172 

average citizen of each Spanish region for household consumption on an annual basis. 173 

Therefore, it is a caloric-independent FU that only takes into account the annual consumption 174 

per person of food in the different Spanish regions to compare the impacts between different 175 

dietary habits. This amount is extracted directly from the household consumption survey carried 176 

out by the Spanish Ministry of Agriculture, Fisheries and Food (MAPA, 2018a) as explained 177 

later in Section 2.3. Thus, besides being a FU commonly used in related LCA studies (Arrieta 178 

and González, 2018; González-García et al., 2018; Martin and Brandão, 2017), its versatility 179 

allows the comparison of Spanish consumption patterns with other diets, whether referred to 180 

caloric intake or not.  181 

 182 

2.2.2. Nutrient Rich Diet 9.3  183 
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The widely recognized Nutrient Rich Diet 9.3 (NRD9.3) index, proposed by Van 184 

Kernebeek et al. (2014), is selected to estimate nutritional quality. This index is based on the 185 

difference between nine nutrients to encourage (protein, fibre, calcium, iron, magnesium, 186 

potassium, vitamin A, vitamin E, and vitamin C) and three nutrients to limit (saturated fats, free 187 

sugars, and sodium), and their link to daily reference values (see Equation 1): 188 

𝑁𝑁𝑁𝑁𝑁𝑁9.3 = �∑ 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖

𝑖𝑖=9
𝑖𝑖=1 − ∑ 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑘𝑘

𝑀𝑀𝑀𝑀𝑀𝑀𝑘𝑘
𝑘𝑘=3
𝑘𝑘=1 � ∗ 100                  (1) 189 

where nutrient i is the nutrient to encourage and nutrient k is this to limit; and Recommended 190 

Daily Values (RDV) and Maximum Daily Values (MDV) are taken from Codex Alimentarius 191 

(FAO/WHO, 2017). In addition, to avoid overestimating the nutritional quality due to excessive 192 

consumption of the nutrients to encourage, the amount ingested of each of them is capped to 193 

the RDV when it is exceeded. 194 

The selection of the NRD9.3 allows the comparison of the nutritional quality results with 195 

other relevant studies available in the literature (González-García et al., 2018). In this way, it is 196 

important that the index is not scaled to energy intake, also allowing the comparison between 197 

diets with different caloric content. 198 

2.2.3. DEA for multi-criteria efficiency assessment 199 

The slacks-based DEA model proposed by Tone et al. (2001) is used herein to calculate 200 

the multi-criteria efficiency of dietary patterns. The analysis includes 17 DMUs corresponding to 201 

the 17 average citizens of the Spanish autonomous regions, taking 2016 as the reference year. 202 

Every DMU is characterised by four inputs (i.e., deaths from tumours of the digestive system, 203 

obesity related health expenditure, number of people with food shortages, and CF) and one 204 

output (the NRD9.3 index). The selection of the DEA elements takes into account not only the 205 

goal of the study (sustainability assessment of diets in terms of multi-criteria efficiency), but also 206 

the recommendations available for the combined LCA + DEA studies (Iribarren et al., 2016), 207 

which refer to features such as quantifiability, specificity, availability and quality. 208 

DEA is a linear programming methodology that non-parametrically calculates the 209 

comparative efficiency of multiple similar entities (DMUs), and projects the inefficient DMUs at 210 

the efficient frontier, thereby providing target values for the inefficient entities into efficient ones 211 
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(Cooper et al., 2007). This is done through the formulation of a model with specific features in 212 

terms of metrics (radial or non-radial model), orientation (e.g., input- or output-oriented model), 213 

and display of the set of production possibilities (e.g., constant or variable returns to scale). In 214 

this study, the specific non-radial DEA model used is an input-oriented slacks-based measure of 215 

efficiency model with variable returns to scale (SBM-I-VRS model), formulated herein according 216 

to Tone et al. (2001) and Iribarren et al. (2013): 217 

𝛷𝛷0 = Min �1 − 1
M
∑ 𝜎𝜎k0

𝑥𝑥k0
M
k=1 �               (2) 218 

subject to 219 

∑ 𝜆𝜆j0𝑥𝑥kj = 𝑥𝑥k0 − 𝜎𝜎k0   ∀ kN
j=1                     (3) 220 

∑ 𝜆𝜆j0𝑦𝑦j = 𝑦𝑦0N
j=1                       (4) 221 

𝜆𝜆j0 ≥ 0 ∀ j,𝜎𝜎k0 ≥ 0 ∀ k                    (5) 222 

Where N: number of DMUs; j: index on the DMU; M: number of inputs; k: index on 223 

inputs; xkj: amount of input k demanded by DMU j; yj: amount of output generated by DMU j; 0: 224 

index of the DMU under assessment; (𝜆𝜆10, 𝜆𝜆20, … , 𝜆𝜆𝑁𝑁0): coefficients of linear combination for 225 

assessing DMU 0; σk0: slack (i.e., potential reduction) in the demand of input k by DMU 0; and 226 

Φ0: efficiency score of DMU 0. 227 

The choice of an input-oriented model aims to reduce inputs and ensure at least the 228 

same output (i.e., the same nutritional quality). Solving the optimisation problem results in the 229 

efficiency score (Φ) of each dietary pattern linked to the average citizen of each Spanish 230 

autonomous region. Efficiency scores lead to discriminate between efficient (Φ = 1) and 231 

inefficient (Φ < 1) dietary habits. It should be noted that these efficiency scores act as an index 232 

that brings together the different selected criteria to provide a single measure of sustainability of 233 

the dietary habits currently present in Spain. In this sense, reporting one single measurement 234 

rather than multiple criteria may facilitate the formulation of guidelines and policies based on the 235 

best-performing dietary habits identified within the set of entities under assessment. 236 

2.3. Data acquisition 237 

2.3.1. Dietary patterns in the Spanish autonomous regions 238 
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The information on the current consumption habits in the 17 autonomous regions that 239 

constitute the Spanish territory comes from the survey of household food demand, performed by 240 

the Spanish Ministry of Agriculture, Fishery and Food (MAPA, 2018a). The methodology 241 

followed in these surveys is based on daily data collected at the household level through a scan 242 

of their food purchases, with a total sample of 12,000 households distributed across the regions. 243 

Thus, in the selected households, foodstuffs purchases were recorded daily through a code 244 

reader and collected in a monthly sample, covering all possible seasonal variations in 245 

consumption; as a result, the average amount of food consumed per person and year was 246 

directly obtained (kg food·person-1·year-1). This quantity, without modification, is directly used for 247 

the estimation of both the CF and the nutritional quality of Spanish dietary patterns. It should be 248 

borne in mind that in the aforementioned database a large amount of information on the food 249 

consumed is provided. In summary, a total of 101 foods considered as the most representative 250 

(see Table 1) are grouped into 15 different food categories (i.e., fruits, vegetables, grains, 251 

legumes, nuts, dairy, eggs, meat, seafood, canned food, ready meals, sweets, fats/oils, sauces, 252 

and beverages). 253 

  254 
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Table 1. Amount of food eaten per person and year in each autonomous region (kg·person-1·y-255 
1). 256 
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Food consumption outside of households is not considered in this study due to the 258 

scarcity of data, as well as specifications at the level of foodstuffs. In fact, about 92% of food 259 

consumption takes place at home (MAPA, 2018b).  260 

2.3.2. Nutritional composition 261 

The nutritional composition of the foodstuffs included in the study is obtained from the 262 

Spanish Food Composition Database (AECOSAN, 2018). It provides complete nutritional 263 

information on a wide variety of foods, thus covering all the information necessary for estimating 264 

the nutritional quality index (i.e., micronutrients and macronutrients). The complete nutritional 265 

composition according to the amount of food consumed in each autonomous region can be 266 

found in the supplementary material (Table S1). In addition, the energy content of the foodstuffs 267 

is also extracted from this database in order to determine the total caloric ingestion of the 268 

consumption patterns.  269 

2.3.3. Data for CF assessment 270 

Regarding the life-cycle inventory (LCI) used to estimate the CF, a total of 33 LCA 271 

studies (see Table S2 in the supplementary material) are used to provide information on the life-272 

cycle GHG emissions associated with the production of the different foodstuffs included in the 273 

surveys reported by the Spanish Ministry of Agriculture, Fishery and Food (i.e., 101 products 274 

with their respective CF and grouped in the corresponding food category). Due to the wide 275 

variety of available LCA studies and the variation of results among them (Berners-Lee et al., 276 

2012; Clune et al., 2017; Werner et al., 2014), moderately conservative values are selected as 277 

far as possible. The foodstuffs are evaluated from a cradle-to-gate perspective, according to the 278 

system boundaries of this study. In this sense, although the vast majority of the selected LCA 279 

studies keep the established system boundaries, there are a few ones that incorporate 280 

additional stages, such as transport, storage or waste management. In these cases, the 281 

corresponding GHG emissions associated with these stages are subtracted. Furthermore, in 282 

some cases certain foodstuffs are assimilated to others due to the lack of data to determine 283 

their environmental impacts (e.g., nectarines as peaches, milkshake as milk, cured cheese as 284 

Galician cheese, and biscuits as cereals). 285 

2.3.4. Socio-economic data 286 
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The holistic vision of sustainability is completed with the selection of three socio-287 

economic indicators: number of deaths from tumours of the digestive system, obesity-related 288 

health expenditure and number of people with food shortages. This choice derives from the 289 

application of the available guidelines for the selection of socio-economic indicators in 290 

sustainability oriented LCA + DEA studies (Iribarren et al., 2016). In this sense, the three 291 

selected indicators fulfil the requirements in terms of quantifiability, availability, quality, and 292 

specificity to the DMU (i.e., the average citizen of each autonomous region). Table 2 presents 293 

the data corresponding to these indicators expressed for the total population of each 294 

autonomous region. The first indicator involves a health and social issue and encompasses all 295 

deaths from tumours associated with the digestive tract (such as tumours of the oesophagus, 296 

stomach and colon). In this sense, up to 30% of all cancer cases worldwide are linked to poor 297 

dietary habits, reaching 70% for cancers of the gastrointestinal tract. The second socio-298 

economic indicator indicates the health expenditure of each autonomous region due to obesity, 299 

an issue closely linked to bad dietary habits, Finally, the third socio-economic indicator includes 300 

the number of people per autonomous region who cannot afford a meal of meat, chicken or fish 301 

at least once every two days. These data are retrieved from the annual statistics available in the 302 

Spanish National Statistics Institute database (INE, 2019). 303 

  304 
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Table 2. Socio-economic indicators (data for the total population of each Spanish autonomous 305 
region). 306 

DMU 
Number of deaths from 
tumours of the digestive 

system 

Health expenditure 
related to obesity (M€) 

Number of people 
with food shortages 

Andalusia 4224 618.24 218,629 

Aragón 962 125.92 22,373 

Asturias 971 105.95 49,645 

Balearic Islands 523 98.78 10,358 

Canary Islands 951 186.72 284,450 

Cantabria 447 56.30 6396 

Castile and León 2173 229.84 34,102 

Castile-La Mancha 1272 183.78 93,883 

Catalonia 4313 594.36 215,793 

Valencian 
Community 

2865 413.87 143,117 

Extremadura 732 109.65 14,008 

Galicia 2286 245.05 29,811 

Community of 
Madrid 

3279 525.75 77,720 

Region of Murcia 695 122.79 64,811 

Chartered 
Community of 

Navarre 
380 69.50 1921 

Basque Country 1620 245.18 43,346 

La Rioja 219 25.60 12,192 

 307 

3. Results and discussion 308 

3.1. Carbon footprint of diets 309 

The CF results for the 17 Spanish autonomous regions range from the lowest value for 310 

Balearic Islands with 905 kg CO2 eq·person-1·year-1 to the highest one for Asturias with 1195 kg 311 
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CO2 eq·person-1·year-1, as displayed in Figure 2. It is a remarkable variation of 290 kg CO2 312 

eq·person-1·year-1, which can be translated into 0.79 kg CO2 eq per person and day. It is 313 

observed that there are significant differences between regions within the same country. The 314 

rationale behind them may be associated with differences in climate, culture and lifestyle, which 315 

derive into the consumption of foodstuffs in different quantities and with different regularity. 316 

However, a common pattern is that about 80% of the GHG emissions come from meat, dairy 317 

products, seafood, beverages and grains. Within these categories, meat and dairy products 318 

stand out, contributing to 50% of the total GHG emissions. In this way, variations in the quantity 319 

and proportions of these food categories are largely responsible for the fluctuations in CF 320 

between the Spanish regions. The remaining 10 food categories only contribute about 20% of 321 

the GHG emissions.  322 

Figure 2 displays not only the CF results per region, but also the proportions of the 323 

above-mentioned 5 main categories. As can be observed, the regions in north-western Spain 324 

are those with the highest CF figures. In this sense, the average citizens of Asturias, Galicia and 325 

Castile-León present CFs associated to their dietary patterns of 1195, 1170 and 1158 kg CO2 326 

eq·person-1·year-1, respectively. On the contrary, the regions located in the south and east of 327 

Spain involve the lowest CF values, these being 905, 926, 944 and 968 kg CO2 eq·person-328 

1·year-1 for the average citizens of the Balearic Islands, the Region of Murcia, Andalusia and the 329 

Valencian Community, respectively. Significantly higher consumption of meat, dairy products 330 

and seafood is the main cause of a higher CF in the north-western regions. Thus, Asturias, 331 

Castile-León and Galicia consume on average 28%, 19% and 37% more meat, dairy and 332 

seafood, respectively, than the Balearic Islands, the Region of Murcia, Andalusia and the 333 

Valencian Community (see Table 1). Furthermore, the higher CF figure is also related to a 334 

higher caloric intake (see Figure 3); thus, although the diet energy content does not vary much 335 

between the Spanish regions, the ones with the highest CFs are those with the highest energy 336 

intakes (Asturias, Castile-León, and Galicia).  337 
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 338 

Figure 2. Carbon footprint of diets for each Spanish autonomous region. 339 

Other studies from the literature reported different results in terms of CF for dietary 340 

patterns existing in Spain. Comparison between them should be prudent due to the great 341 

variability of data sources used for the collection of LCI data, as well as to the different origin of 342 

food consumption data. In this way, when reviewing other studies, it is observed that both 343 

higher and lower CF values coexist in the country. Castañé and Antón (2017) and Esteve-344 

Llorens et al. (2019) reported CFs of 735 and 842 kg CO2 eq·person-1·year-1 respectively for the 345 

Mediterranean and Atlantic diets (only considering the production stage). They are remarkably 346 

low values in comparison with the Spanish average CF obtained in the present study (1024 kg 347 

CO2 eq·person-1·year-1). The rationale behind this finding is that in these studies the ingestion of 348 

the recommended daily food quantities was taken into account following the Mediterranean and 349 

Atlantic patterns; additionally, beverages were not included in their scope of application. Thus, 350 

when studies based on real consumption patterns are analysed, the proportions and quantities 351 

of certain food categories change considerably (e.g., higher consumption of livestock products 352 

and processed food), and consequently the CF also varies. Thus, the CF reported by Batlle-353 
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Bayer et al. (2019) and Sáez-Almendros et al. (2013) for the average Spanish dietary patterns 354 

is 1120 and 1350 kg CO2 eq·person-1·year-1, respectively. These values are closer to the ones 355 

reported in our study for the regions with the highest CFs. Finally, even higher values can be 356 

found for the Galician region and Spain such as 1489 and 1350 kg CO2 eq·person-1·year-1 357 

respectively considering only the production stage (Esteve-Llorens et al., 2019; Muñoz et al., 358 

2010). 359 

3.2. Nutrient Rich Diet 9.3 scores 360 

In terms of nutritional quality results, Catalonia obtains the best NRD score (371), 361 

followed by the Basque Country (370), Navarre (364) and the Valencian Community (360). On 362 

the contrary, the lowest nutritional quality indices correspond to the dietary habits from Castile-363 

La Mancha (329), La Rioja (331) and Andalusia (332). The differences between the regions with 364 

the highest and lowest nutritional quality are moderate (≈12%).  365 

A higher intake of fibre, vitamin C, potassium and magnesium is the main cause of the 366 

better nutritional quality of the diets in Catalonia, the Basque Country, Navarre and the 367 

Valencian Community (see Table S1 in the supplementary material). In this regard, increased 368 

intake of fibre, vitamin C, potassium and magnesium intake is directly related to a higher 369 

consumption of plant-based foodstuffs (fruits, vegetables, legumes, and nuts). Thus, when 370 

comparing NRD9.3 scores from Catalonia and Castile-La Mancha, it can be observed that the 371 

consumption of fruits and vegetables is 13% and 25% higher in the former region, respectively. 372 

Likewise, the Basque Country consumes 23% and 14% more fruit and vegetables than in 373 

Castile-La Mancha (see Table 1). Attending to nuts consumption, it is 23% and 18% higher in 374 

Catalonia and Basque Country respectively than in Castile-La Mancha. The consumption of 375 

other nutrients considered in the index, such as the harmful ones (saturated fats, sodium, and 376 

free sugar), remains relatively stable in all regions (see Table S1 in the supplementary material). 377 

In this specific case, the consumption of saturated fats and free sugars is above the 378 

recommended upper limit by 30% and 60% respectively on average for all regions. It is mainly 379 

caused by excessive consumption of non-advisable products such as sweets, ready meals, 380 

processed food, and soft drinks. On the contrary, sodium intake remains below the upper 381 

recommended limit, on average.  382 
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Figure 3 presents the complete list of NRD9.3 scores by region and its relationship to 383 

the caloric ingestion. In Figure 3, the Spanish regions are ordered in decreasing order according 384 

to their NRD9.3 result, while the diet energy content of each of them remains around an 385 

average value of 1900 kcal per person and day. In this sense, the caloric ingestion is 386 

remarkably low. 387 

 388 
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Figure 3. Nutritional Rich Diet 9.3 (NRD9.3) scores, combined with the caloric intake per 391 
Spanish autonomous region.) 392 

 393 

As can be observed in Figure 3, although the energy intake remains stable around a 394 

mean value, the nutritional quality decreases from the highest value in Catalonia to the lowest in 395 

Castile-La Mancha. This is directly related to the origin of energy ingestion: the greater the 396 

amount of energy coming from plant-based and low-processed foodstuffs, the higher the 397 

nutritional quality of a diet. Conversely, if an important part of the energy comes from processed 398 

food and sweets, among others, the nutritional quality is negatively affected. This is the case of 399 

Catalonia and Castile-La Mancha: the amount of fruit and vegetables consumed in the former is 400 

20% higher than in the latter, whereas the inhabitants of Castile-La Mancha consume 10% 401 

more meat and 5% more processed food (e.g., sweets, sauces, and soft drinks). 402 

3.3. Multi-criteria efficiency scores 403 

After the calculation of the CFs and the nutritional quality index associated with the 404 

dietary patterns of the average citizens of the Spanish autonomous regions, DEA is carried out 405 

to compute their efficiency scores and, subsequently, to identify the Spanish regions with the 406 

best-performing dietary patterns according to the selected criteria. Thus, the DEA study involves 407 

a comparison of the dietary patterns of the average citizens of the Spanish autonomous regions 408 

in terms of relative efficiency. Further comparative studies –e.g. at the international level– would 409 

require additional data and are out of the scope of this study. Table 3 presents all the input and 410 

output data that make up the DEA matrix needed to computationally calculate the multi-criteria 411 

efficiency scores. Following the trends observed in the CF results, the Balearic Islands, 412 

Andalusia, and the Region of Murcia are among the autonomous communities with the lowest 413 

number of deaths due to tumours of the digestive system (allocated to each average citizen), 414 

while Asturias presents the highest value. In the case of obesity-related health expenditure, the 415 

average expenditure per person in Spain is 91 euros, with the highest expenses in Navarre and 416 

the Basque Country and the lowest in Andalusia. Regarding food shortages, the case of the 417 

Canary Islands is highlighted, with a value significantly higher than those of the rest of the 418 

autonomous regions. Given the high variability of findings involved in the analysis, the use of 419 
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DEA is convenient to collectively interpret all the information through a single sustainability 420 

(relative efficiency) index. Thus, the DEA matrix is implemented in the SBM-I-VRS model for the 421 

estimation of the multi-criteria efficiency scores using the DEA-Solver Pro software (Saitech, 422 

2019). 423 

Table 3. DEA matrix (data attributed to the average citizen of each Spanish autonomous 424 
region). 425 

DMU 
Number of deaths 

from tumours of the 
digestive system 

Health expenditure 
related to obesity (€) 

Number of people 
with food shortages 

Carbon 
footprint 

(kg CO2 eq) 
NRD9.3 

Andalusia 5.02·10-4 73.50 2.60·10-2 943.85 332.03 

Aragón 7.31·10-4 95.70 1.70·10-2 1054.93 350.82 

Asturias 9.39·10-4 102.40 4.80·10-2 1195.15 351.42 

Balearic Islands 4.54·10-4 85.80 9.00·10-3 904.53 351.95 

Canary Islands 4.41·10-4 86.60 0.13 1010.60 346.76 

Cantabria 7.69·10-4 96.80 1.10·10-2 1031.83 351.57 

Castile and León 8.92·10-4 94.40 1.40·10-2 1158.17 345.03 

Castile-La Mancha 6.23·10-4 90.00 4.60·10-2 1027.38 328.82 

Catalonia 5.80·10-4 79.90 2.90·10-2 1010.63 370.57 

Valencian 
Community 

5.81·10-4 83.90 2.90·10-2 968.42 360.44 

Extremadura 6.79·10-4 101.80 1.30·10-2 973.28 345.16 

Galicia 8.44·10-4 90.40 1.10·10-2 1169.54 355.94 

Community of 
Madrid 

5.06·10-4 81.20 1.20·10-2 1012.50 355.09 

Region of Murcia 4.72·10-4 83.40 4.40·10-2 926.34 342.09 

Chartered 
Community of 

Navarre 
5.93·10-4 108.50 3.00·10-3 975.63 364.17 

Basque Country 7.47·10-4 113.10 2.00·10-2 1088.16 369.84 

La Rioja 7.01·10-4 81.90 3.90·10-2 953.42 330.81 

 426 

As a result, Figure 4 shows the multi-criteria efficiency scores obtained for the dietary 427 

patterns of the 17 autonomous regions. Seven of these regions have suitable (i.e., efficient) 428 
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dietary habits under the set of criteria chosen, with efficiency scores Φ of 1. These regions with 429 

the best-performing patterns correspond to Andalusia, the Balearic Islands, the Canary Islands, 430 

Catalonia, the Community of Madrid, Navarre, and the Basque Country. Furthermore, all the 431 

autonomous regions, with the exception of Asturias, show multi-criteria efficiency scores above 432 

0.60 and the average efficiency score of the sample is 0.84, which indicates the presence of 433 

relatively good dietary habits in Spain. This fact could be motivated by the great influence of the 434 

Mediterranean diet in practically all the autonomous regions of Spain. In the case of Asturias, 435 

which presents the lowest efficiency score (Φ = 0.57), the relatively low score may be linked to 436 

the high amounts of meat consumed in this region. 437 

The analysis of the potential relationship between multi-criteria efficiency and certain 438 

parameters of interest (such as meat intake, average income, and unemployment rate) does not 439 

show clear trends, except in the case of low intakes of meat. In this regard, the lowest meat 440 

consumption levels within the sample are found to be always associated with efficient dietary 441 

patterns. However, it should be noted that efficient dietary habits do not always imply low meat 442 

consumption. 443 
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Figure 4. Efficiency scores of regional dietary patterns in Spain. 444 

Given the high number of autonomous regions deemed efficient, a super-efficiency 445 

analysis is also carried out to further discriminate among the efficient dietary patterns in Spain 446 

(Iribarren et al., 2010). The implementation of a super-efficiency DEA model is highly 447 

recommended within this context, ranking efficient DMUs by assigning efficiency scores greater 448 

than 1. An input-oriented slacks-based measure of super-efficiency model with variables return 449 

to scale (Super-SBM-I-VRS) is used for the discrimination between the efficient dietary patterns 450 

(Tone, 2002). Through this analysis, the average citizen of Navarre is identified as the best-451 

performer reference, followed at a distance by the Canary Islands and Catalonia. This more 452 

accurate identification of the best-performers can be especially useful to decision- and policy-453 

makers when it comes to setting benchmarks as reference or target values towards sustainable 454 

diets. 455 

4. Conclusions 456 

The set of criteria chosen in this study served as valuable metrics for measuring the 457 

sustainability efficiency of dietary patterns associated with a set of regions. In this sense, the 458 
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collection of socio-economic data and the calculation of the carbon footprint and the Nutrient 459 

Rich Diet index 9.3 provided significant insights into how sustainable the dietary habits in Spain 460 

are. In order to interpret in a combined way these multiple cross-cutting criteria, the coupled use 461 

of DEA within the methodological framework proposed in this work proved to be feasible and 462 

valuable for the sustainability efficiency assessment of dietary habits. The application of this 463 

methodological framework to the case study of dietary patterns in Spain allowed the 464 

identification of seven regions with the most suitable dietary patterns according to the selected 465 

sustainability criteria. In fact, all the Spanish autonomous communities, except one, presented 466 

multi-criteria efficiency scores above 0.60, which concludes the presence of relatively good 467 

dietary habits in Spain. This finding is probably motivated by the great influence of the 468 

Mediterranean nutritional patterns in all Spanish regions. In particular, through a super-469 

efficiency analysis, Navarre emerged as the region of reference when it comes to setting 470 

sustainable dietary habits. Overall, beyond the case study of Spain, the proposed methodology 471 

could contribute to defining sound guidelines and policies based on the performance of regions 472 

with efficient (i.e., sustainable) dietary patterns. 473 
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Table 2. Socio-economic indicators (data for the total population of each Spanish autonomous 661 

region). 662 

Table 3. DEA matrix (data attributed to the average citizen of each Spanish autonomous 663 
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Figure 1. Methodological framework for the multi-criteria efficiency assessment of diets. 666 

Figure 2. Carbon footprint of diets for each Spanish autonomous region. 667 

Figure 3. Nutritional Rich Diet 9.3 (NRD9.3) scores, combined with the caloric intake per 668 

Spanish autonomous region. 669 

Figure 4. Efficiency scores of regional dietary patterns in Spain. 670 
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