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Abstract: Recently, important efforts have been made to define food loss management strategies. 

Most strategies have mainly been focused on mass and energy recovery through mixed food loss in 

centralised recovery models. This work aims to highlight the need to address a decentralised food 

loss management, in order to manage the different fractions and on each of the different stages of 

the food supply chain. For this purpose, an energy flow analysis is made, through the calculation of 

the primary energy demand of four stages and 11 food categories of the Spanish food supply chain 

in 2015. The energy efficiency assessment is conducted under a resource use perspective, using the 

energy return on investment (EROI) ratio, and a circular economy perspective, developing an 

Energy return on investment – Circular economy index (𝐸𝑅𝑂𝐼𝑐𝑒), based on a food waste-to-energy-

to-food approach. Results suggest that the embodied energy loss consist of 17% of the total primary 

energy demand, and related to the food categories, the vegetarian diet appears to be the most 

efficient, followed by the pescetarian diet. Comparing food energy loss values with the estimated 

energy provided for one consumer, it is highlighted the fact that the food energy loss generated by 

two to three persons amounts to one person's total daily intake. Moreover, cereals is the category 

responsible for the highest percentage on the total food energy loss (44%); following by meat, fish 

and seafood and vegetables. When the results of food energy loss and embodied energy loss are 

related, it is observed that categories such as meat and fish and seafood have a very high primary 

energy demand to produce less food, besides that the parts of the food supply chain with more 

energy recovery potential are the beginning and the end. Finally, the 𝐸𝑅𝑂𝐼𝑐𝑒  analysis shows that in 

the categories of meat, fish and seafood and cereals, anaerobic digestion and composting is the best 

option for energy recovery. From the results, it is discussed the possibility to developed local 

digesters at the beginning and end of the food supply chain, as well as to developed double digesters 

installations for hydrogen recovery from cereals loss, and methane recovery from mixed food loss. 

Keywords: anaerobic digestion and composting; circular economy; energy return on investment; 

hydrogen bioenergy; food waste hierarchy 

 

1. Introduction 

The food supply chain is one of the most polluting daily activities when impacts along product 

life cycles are considered [1]. This is mainly due to several factors, such as the high degree of 

mechanization, the use of agrochemical products in agriculture, the long distances in distribution 
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routes, the overpacking of products, and the growth of consumption of processed food, especially 

the so-called fourth and fifth range products (formed by products that are both ready to be consumed 

and sold refrigerated). These factors have entailed an increase in the energy consumption throughout 

the entire supply chain, transforming it from a net producer of energy, to a net consumer of energy 

[2]. However, this is not a new phenomenon; in fact, in the energy crisis of the 70s, Pimentel et al. [3] 

found that the energy efficiency of modern food production was declining. Over time, the energy 

inputs began to be higher than the energy outputs [4], and according to Cuellar and Webber [5], Lin 

et al. [6] and Vittuari et al. [7], nowadays the food supply chain requires 10–15 kJ of fossil fuel to 

produce 1 kJ of food. From the whole supply chain, the high-energy intensity of agriculture has meant 

an enormous increase in the consumption of fossil fuels; however, this is common in all phases of the 

food supply chain and it varies depending on the type of product and processing level. Therefore, 

the energy intensity of modern food systems represents a major issue in a current framework of 

decreasing limited resources, and growing population [8]. 

Due to the growing awareness regarding these problems, social pressure has been increasing in 

order to overcome these problems through the development of energy technologies that lead to 

sustainable development [9]. In this sense, although energy and food have a well-known connection 

from the perspective of chemical energy contained in food products, the energy resources embedded 

for food production is less explored, and the available related information is scarce. Moreover, 

estimations are often limited to the first stages of production, without taking into account the fact 

that the food supply chain consists of several successive steps, and each one of them needs energy 

for its specific processes. It is estimated that around 30% of the world´s total energy consumption is 

due to the food system [10]. According to the European Commission [11], industrial activities related 

to food systems require approximately 26% of the European Union´s final energy consumption. Thus, 

it is essential to focus on the reduction of energy used in food production systems by improving their 

efficiency, as it could be one of the most important drivers for development of sustainable food 

production systems. Searching for that efficiency, food losses (FLs) have central consequences on the 

energy balance on the food supply chain, additionally leading to a significant environmental impact 

in terms of inefficient use of natural resources, biodiversity and habitat loss, soil and water 

degradation, and greenhouse gas emissions [7]. According to the Organization for Economic 

Cooperation and Development [12], more than a third of the food produced is wasted, involving 

around 38% of the energy embedded in its production. Specifically, Spain has the seventh highest 

level of food wastage in the European Union, with 7.7 million tones. According to Garcia-Herrero et 

al. [13], each Spanish citizen is estimated to throw away in household consumption 88 kg of food per 

year, being this step the one that more FL generates. Besides, FL is directly related to food security 

and presents nutritional and ethical issues, as 795 million people suffer from undernourishment [14], 

and it is projected that by 2050 the world population will reach 9.8 billion persons [15]. Kummu et al. 

[16] estimated that the nutritional energy lost in the food supply chain would be enough to feed 

around 1.9 billion people, and approximately half of those losses could be prevented. Thus, FL 

supposes a missed opportunity to feed the world’s growing population [17]. 

Related to this, it is necessary to consider the fact that with the FL, two types of energy are also 

lost: food energy loss (FEL), which is the nutritional energy of the FL, and embodied energy loss 

(EEL), which is the primary energy invested in producing FL. In addition, it is necessary to take into 

account the energy used in the management of FL after it has been disposed. Regarding to the latter, 

the efficiency in energy recovery through different management strategies, can vary considerably 

depending on the strategy and the FL composition. In summary, precise accountings of energy use 

for the production of consumed (and non-consumed) food are extremely challenging for developing 

strategies to mitigate energy losses [7].  

In this overall framework, this paper aims to develop a novel model in the field of study, to 

analyse alternative FL management strategies under a circular economy concept based on a food 

waste-to-energy-to-food approach (Figure 1). While most studies in the literature are focused on the 

efficiency assessment of the food supply chain, either from a mass [18], an energy [19], or more than 

one point of view [20]; through the model proposed in this work, it is intended to go further and 
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contribute to the development of integrated waste management strategies for energy-smart food 

systems. Thereby, the Food and Agricultural Organisation proposal [10] is followed, which focuses 

on the diversification of renewable energy sources through integrated food production systems, to 

ensure the access to energy and food security. Moreover, it is projected to follow two of the 

Sustainability Development Goals for 2030 established by the United Nations Member States [21]: (i) 

the seventh goal, whose objective is to reach at least a 27% share of renewable energy consumption 

by 2030; and (ii) the twelfth goal, which aims at halving FL at the retail and consumer level as well as 

reducing the FL along food production systems. On the other hand, the circular economy package 

adopted by the European Commission in 2015 is guided by the European Union waste hierarchy, 

which ranks waste management options according to their sustainability, and gives top priority to 

preventing and recycling of waste, placing the anaerobic digestion as an always-preferable option to 

incineration [22]. This ranking aims to identify the options most likely to deliver the best overall 

environmental outcome, and has been adopted worldwide as the principal waste management 

framework [23]. However, the waste hierarchy proposal considers FL as a set without taking into 

account the different specific fractions or at which points along the food supply chain are they 

produced. Thus, this paper aims also to develop the debate about the statement that the waste 

hierarchy is a too general proposal. This is in the same line as the thesis of Cristobal et al. [24], who 

highlighted the fact, that when more criteria are considered along with the environmental one, other 

tools are needed for making the decision of which FL management strategy is the most optimal.  

 

Figure 1. Conceptual diagram of the proposal of this work, recovering energy from food loss with a 

circular economy approach. 

The paper is structured in two main parts. Firstly, Section 2 describes a detailed description of 

the methodology taking into account a Life Cycle Assessment approach, as well as the material flow 

analysis enabling to perform the energy flow analysis, conducting to the energy assessment along the 

food supply chain. Secondly, Section 3 and Section 4 introduce the main results and discussion of the 

study. In particular, the first part includes a full discussion of the main parameters and the influence 

on the energy efficiency of the food supply chain. While last part reviews the FL management options 

and the expected improvement measures. The paper ends with a deployment of main conclusions 

and the future research. 

2. Methodology 

2.1. Goal and Scope 

The main goal of the study is to develop a novel model to define alternative FL management 

strategies under a circular economy concept based on a food waste-to-energy-to-food approach. For 

this objective, an empirical index so-called 𝐸𝑅𝑂𝐼𝑐𝑒 , is proposed, which quantifies the amount of 

nutritional energy that is recovered from the FL of each category of food under study, based on its 
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treatment in three different scenarios: (i) landfill with biogas recovery (L), (ii) incineration with 

energy recovery (I) and (iii) anaerobic digestion and composting (AD&C). The results are expected 

to provide an interesting field for discussion about the best energy recovery strategy for the different 

fractions of FL, trying to develop the path to less generic energy recovery proposals. In view of the 

results, it is expected to open a debate around a new framework of decentralised FL collection 

strategies, instead, or as a complement to current centralised strategies.  

2.2. Function, Functional Unit and System Boundaries 

This work is conducted following the international standards 14,040 [25] and 14,044 [26] from 

the International Organisation for Standardization. The main function of the study is to determine 

what type of management strategy from the three different scenarios under study, is most 

appropriate for the FL management of the categories analysed, through the development of the 

𝐸𝑅𝑂𝐼𝑐𝑒  index. The functional unit is defined as the daily intake of an 11,493 kJ per capita and per day 

diet, by a Spanish citizen for 2015, which is obtained through an energy flow analysis (Table 1).  

The system boundaries of this study includes the steps of agricultural production, processing 

and packaging, distribution and consumption, being therefore realised from “cradle to consumer” 

(Figure S1). As this study relies heavily on the loss percentages reported by the Food and Agriculture 

Organisation [27], the definition of FL is based on their latest definition provided in 2014 [28]: “food 

loss refers to any substance, whether processed, semi-processed or raw, which was initially intended 

for human consumption but was discarded or lost at any stage of the supply chain. It concerns to 

every non-food use, including discarded food that was originally produced for human consumption 

and then recycled into animal feed.” Therefore, this work uses the terminology “food losses” to 

encompass both FL and food waste occurring at every stage, as done by Garcia-Herrero et al. [13].  

2.3. Allocations 

The scenarios under study are multi-outputs processes in which the management of FL is the 

main function of the system and the production of electricity and compost are additional functions. 

The environmental burdens must be allocated among the different functions. To handle this problem 

the International Organisation for Standardization [25] establishes a specific allocation procedure in 

which system expansion is the first option. Regarding the landfill scenario, since electricity generation 

depends on the methane concentration in the landfill biogas, electricity recovered from FL was 

allocated to the amount of total carbon available in the disposed organic residue.  

The incineration process was modelled based on Margallo et al. [29], and in this sense, energy 

produced is calculated from the high heating value of each FL fraction and the amount that is 

incinerated.  

In the anaerobic digestion scenario, methane is assumed to be combusted with a 25% efficiency 

of the low heating value of the biogas to generate electricity [30]. The delivering residue of the 

anaerobic digestion, i.e. digestate, is transferred to a composting plant for the production of 

biocompost. The compost is assumed to replace mineral fertilizer, with a substitution ratio of 20 kg 

N equivalent per ton of compost [31]. Energy intensity for fertilizer production as total N is obtained 

from Thinkstep’s Database [32].  

2.4. Life Cycle Inventory 

For developing the energy flow analysis, data from different sources has been reviewed: the 

Department of Agriculture and Fishery, Food and Environment [33], the Spanish Institute for the 

Diversification and Saving of Energy [34], the Spanish Association of Plastics Industry [35], the 

Spanish Association of Pulp, Paper and Cardboard Manufacturers [36], a magazine specialised in 

informing about the life cycle of packaging [37], and the Foreign Trade Database [38]. Data for 48 

representative commodities were sourced from the consumption database of the Spanish Department 

of Agriculture and Fishery, Food and Environment [33]. Items were grouped into 11 food categories 

(eggs, meat, fish and seafood, dairy, cereals, sweets, pulses, vegetable oils, vegetables, fruits and 
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roots), which can be consulted in more detail in Table S1. It has been used several mass-to-energy 

conversion factors from different sources (Table S2). All the results of the PED, EEL and FEL by each 

food category under study, and on each food supply chain stage, can be consulted in Tables S3 and 

S4. Nutritional data for the EROI and the 𝐸𝑅𝑂𝐼𝑐𝑒  estimation, were obtained from the Bedca Database 

[39] and can be consulted in Table S5. Food products or ingredients not available in that database 

were sourced from the National Nutrient Database for Standard Reference of the United States 

Department of Agriculture [40]. In practice, it has been assumed that the nutritional energy do not 

vary across the supply chain owing to the lack of data. The allocation, conversion and FL factors used 

(Tables S6 and S7), are based on Gustavsson et al. [27]. The exception were some products, such as 

apples and bananas, for which specific FL factors were available in Vinyes et al. [41] and Roibás et al. 

[42].  

2.5. Assessment of Food Loss Management Scenarios 

Based on Laso et al. [43], the electricity recovered in all the scenarios is assumed to be 100% sent 

to the grid, displacing electricity from the average electricity mix in Spain, and used for producing 

new food (Figure 2). This value could be lower if energy losses and its use for other purposes are 

considered. The analysis of these aspects would correspond to a consequential LCA, which could be 

analysed in future works.  

Scenario 1: landfill with biogas recovery (L). This scenario describes landfilling of FL including biogas 

recovery. The landfill is composed of biogas and leachate treatment and deposition. The sealing 

materials (clay, mineral coating, and PE film) and diesel for the compactor is included. Leachate 

treatment includes active carbon and flocculation/precipitation processing. This scenario has been 

modelled based on the averages of municipal household FL on landfill process from Thinkstep’s 

Database [32] for Spain, Portugal and Greece. According to the model, a 17% of the biogas naturally 

released from landfill is assumed to be collected, treated and burnt in order to produce electricity. 

The remaining biogas is flared (21%) and released to the atmosphere (62%). A rate of 50% 

transpiration/run off and a 100 years lifetime for the landfill are considered. Additionally, a net 

electricity generation of 0.0942 MJ per ton of municipal solid FL is assumed [32]. 

Scenario 2: incineration with energy recovery (I). The considered incineration plant, based on 

Margallo et al. [29], is composed of one incineration line with a capacity of 12.0 t/h. The combustion 

is conducted in a roller grate system reaching 1,025°C. Flue gases are treated by means of a selective 

non-catalytic reduction system (for NOx), bag filter (dust, dioxins, etc.) and semidry scrubbers (acid 

gases). The main solid residues are fly and bottom ashes. The latter is subjected to magnetic 

separation to recover the ferrous materials. The inert materials are assumed to be landfilled close to 

the incineration plant. Fly ashes, classified as hazardous material, are stabilised and sent to an inert 

landfill. Energy produced in combustion is transferred to flue gases for energy generation. Energy 

produced is calculated from the high heating value of each FL fraction and the incinerated amount. 

High heating values are obtained from the Thinkstep´s Database [32]. For example, average values 

of 4,832, 14,758 and 4,179 kJ/kg have been obtained for fish and seafood, cereals and vegetables.  

Scenario 3: anaerobic digestion and composting (AD&C). This scenario considers the combination of 

AD&C of the solid fraction of digested matter, and is modelled using the life cycle inventory reported 

by Righi et al. [31]. The anaerobic digestion plant consists of a continuous two-steps process, where 

the first stage is a high-solid plug-flow reactor operating at thermophilic temperature and the second 

a completely stirred tank reactor at mesophilic temperature. The total retention time of substrates is 

about 100 days. The main product of anaerobic digestion is biogas, with an assumed 60% methane 

content. After it, methane is combusted in an engine to produce electricity. The delivering FL of the 

anaerobic digestion, i.e. digestate, is transferred to a composting plant for the production of 

biocompost. The potential production of methane for each food category is calculated using the 

procedure reported by Eriksson et al. [44], according to which the theoretical methane production is 

estimated as described in Equation (1): 

𝑁𝑚   𝐶𝐻4,𝑖

3 = 𝐷𝑆𝑖 · 𝑉𝑆𝑖 · 𝐹𝑖 (1) 



Energies 2019, 12, 767 6 of 19 

 

where 𝑁𝑚 𝐶𝐻4,𝑖

3  is the theoretical methane production of food category i; 𝐷𝑆𝑖  is the dry matter 

content; 𝑉𝑆𝑖 is the percentage of volatile solids in food category i expressed in dry matter terms; 𝐹𝑖 

is an specific production factor of methane expressed in 𝑁𝑚 𝐶𝐻4,𝑖

3  per ton of volatile solids. These 

values are sourced from Carlsson and Uldal [45]. 

 

Figure 2. System boundaries, including the outline of the different considered scenarios. 

2.6. Material and Energy Flow Analysis 

A material flow analysis quantifies the mass/resources flow, loss in a system, and facilitates in 

data reconciliation in a well-defined space and time [46]. As seen in Equation (2), the material flow 

analysis consider the food losses occurring along the supply chain as follows: 

𝐹𝐿𝑖,𝑗 =
𝐹𝑖,1 · 𝛼𝑖,𝑗

∏ 1 − 𝛼𝑖,𝑗
𝑗
𝑗=1

 (2) 

where 𝐹𝑖,𝑗 is the food available for human consumption of category i leaving the supply chain sector 

j (j = 1 agricultural production, j = 2 processing and packaging, j = 3 distribution, j = 4 consumption). 

αi,j, is the percentage of food losses generated on each stage j for food category i. 𝐹𝑖,1 describes the 

daily intake of food category i for a 11,493 kJ per capita per day diet (Table 1). For this study, the 

material flow analysis made by Garcia-Herrero et al. [13], has been used as a reference. The energy 

flow analysis is developed through the combination of the material flow analysis and the calculated 

primary energy demand (PED) for each food category along the supply chain. 

2.7. Energy Impact Assessment  

In this work, it has been introduced as energy impact assessment the 𝐸𝑅𝑂𝐼𝑐𝑒  index in order to 

quantify the amount of nutritional energy that is recovered from the FL of each category of food 

under study. The 𝐸𝑅𝑂𝐼𝑐𝑒  index is based on a food waste-to-energy-to-food approach, assuming that 

the energy that is recovered from FL is reintroduced into the food supply chain in form of food 

(Figure 2). For its development, the proposed methodology (Figure 3) firstly develops an energy flow 

analysis through determining the PED of each of the four stages in which the food supply chain is 

divided (agricultural production, processing and packaging, distribution and consumption), as seen 

in Equation (3): 

𝑃𝐸𝐷𝑖,𝑗 = 𝑊𝑖,𝑗 · 𝐴𝑃𝑖,𝑗 (3) 

where 𝑊𝑖,𝑗 is the weighted average of energy intensity by mass of each category i, on each supply 

chain stage under study j (j = 1 agricultural production, j = 2 processing and packaging, j = 3 

distribution, j = 4 consumption), in kJ/kg. 𝐴𝑃𝑖,𝑗 is the annual production of each category i, on each 

stage under study j, in kg.  



Energies 2019, 12, 767 7 of 19 

 

 

Figure 3. Methodology of the study. 

Secondly, the EEL is computed, which means, the primary energy that was used to produce the 

food that is loss. EEL is calculated as stated in Equation (4): 

𝐸𝐸𝐿𝑖,𝑗 = ∑( 𝑃𝐸𝐷𝑖,𝑗 · 𝛼𝑖,𝑗 −  𝑃𝐸𝐷𝑖,𝑗−1 · 𝛼𝑖,𝑗−1)

𝑖

𝑗=1

 (4) 

To calculate it, the sum of the 𝑃𝐸𝐷𝑖,𝑗 multiplied by their respective percentages of loss 𝛼𝑖,𝑗 is 

performed. From the second stage, these results are subtracted from the previous stage multiplied by 

their respective previous loss percentages 𝛼𝑖,𝑗−1. 

Once these data have been obtained, the FEL of each food category i under study is calculated. 

Following the Food and Agriculture Organization concept for FL [28], FEL can be defined, as the 

amount of chemical energy contained in food and initially addressed to human consumption that, 

for any reason is not destined to its main purpose. It has been estimated according to Equation (5): 

𝐹𝐸𝐿𝑖,𝑗 =  [(𝑃𝑟𝑜𝑑𝑖,𝑗 · 𝐹) · 𝑁𝐸𝑖] · 𝛼𝑖,𝑗 −  [(𝑃𝑟𝑜𝑑𝑖,𝑗−1 · 𝐹) · 𝑁𝐸𝑖] · 𝛼𝑖,𝑗−1 (5) 

where 𝑃𝑟𝑜𝑑𝑖,𝑗  is the production of each category of food, which is multiplied by 𝐹, which are the 

factors of allocation and conversion proposed by Gustavsson et al. [27] to represent the amount of 

food that is used for human consumption and that is considered edible. These values are firstly 

multiplied by the nutritional energy, and next by the percentages of losses considered in the 

literature 𝛼𝑖,𝑗 . From the second stage, the previously lost amount is subtracted, multiplied by the 

conversion factor of the previous stage 𝛼𝑖,𝑗−1. Then, it has been calculated the EROI of each food 

category under study i, and each step j. EROI is the estimation of the quantity of energy delivered by 

a production technology relative to the quantity of energy invested [47]. Although it was initially 

devised to the assessment of energy systems, the concept has been adapted (Equation (6)) to quantify 

ratios of food energy output relative to food production energy inputs. This ratio can be estimated as 

follows: 

𝐸𝑅𝑂𝐼𝑖 =  
𝑁𝐸𝑖

𝑃𝐸𝐷𝑖

 (6) 

where 𝑁𝐸𝑖, is the nutritional energy contained in each food category i, and PEDi  is the primary 

energy demand for the production of each category i. Finally, the 𝐸𝑅𝑂𝐼𝑐𝑒  is calculated. For it, the 

electricity recovered from the management of FL is transformed into its equivalent amount of 

primary energy, and assumed to be redirected to the production of food. As shown in Equation (7), 

this index consist in the division between the nutritional energy 𝑁𝐸𝑓𝑤,𝑖 , obtained from the 

transformation into nutritional energy of the primary energy that is recovered through each FL 



Energies 2019, 12, 767 8 of 19 

 

management strategy, and each FL fraction of a specific food category; between the primary energy 

demand 𝑃𝐸𝐷𝑓𝑤,𝑖  that was used in the management of FL: 

𝐸𝑅𝑂𝐼𝑐𝑒 =
𝑁𝐸𝑓𝑤,𝑖

𝑃𝐸𝐷𝑓𝑤,𝑖

 (7) 

3. Results 

3.1. Energy Flow Analysis 

Results from the energy flow analysis are shown in the Sankey diagram of Figure 4. The diagram 

represents the inputs and outputs of primary energy along the entire chain, using the reference unit 

(kJ/cap/day). By calculating the primary energy balance until the end of the chain (99,926 kJ) which 

is need to produce the 11,493 kJ/cap/day of nutritional energy provided to consumer on average by 

each Spanish citizen; it is suggest that in the Spanish food supply chain, 8.7 kJ of primary energy is 

needed to produce 1 kJ of nutritional energy. In the agricultural production stage, the allocated flow 

to FL is distinguished from the resulting flow assigned to non-food uses. The net domestic supply 

after considering agricultural production, imports, exports and stock variation is 24,476 kJ/cap/day. 

From this, 4970 kJ/cap/day (20%) are invested in producing animal feed, seed and other non-food 

uses such as oil and wheat for bio-energy. The other 19,506 kJ/cap/day of the primary energy (80%) 

are used for food for human consumption. In this diagram, it is highlighted the fact that the stages 

with a higher PED are distribution (which in addition to distribution places, also includes national 

and international import transportation, as well as consumer transport to go to the markets) and 

agricultural production, followed by the stage of processing and packaging. These results could 

reinforce the thesis that the more local, seasonal and unprocessed the consumption, the lower 

expenditure of energy in transport and distribution. It is, however, important to note that a lower 

energy expenditure in transport and distribution does not necessarily mean a lower total energy 

expenditure in food production. There are a number of other factors that should be analysed in future 

works in this field, as for example, the use of agrochemicals or tillage machinery.  

When analysing the food categories studied, it is observed that the ones requiring the highest 

PED for their production are meat, vegetables, fish and seafood and cereals, respectively (Table 1). 

Of the four categories, meat is the one with the highest PED (28,002 kJ/cap/day), doubling the value 

of the other three, and representing alone the 28% of the PED for all categories. These results could 

reinforce the thesis of the need to reduce the consumption of meat due to the energy costs that its 

production requires, as stated by Popkin [48] and Laso et al. [43]. In addition, if the values for fish 

and seafood, eggs and dairy categories are added to meat, more than half of the total PED comes from 

the production of food of animal origin (56,901 kJ/cap/day). In contrast, some categories, especially 

sweets and roots, have very low values.  
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Figure 4. Sankey diagram for primary energy demand of the different food categories throughout the 

food supply chain. Values expressed in kilojoules per capita per day. 

Table 1. Primary energy demand, nutritional energy provided to consumer and energy return on 

investment. Values expressed in kilojoules per capita per day and percentage. 

Food Category PED (kJ/cap/day) 

Energy Provided 

to Consumer 

(kJ/cap/day) 

EROI 

(%) 

Eggs 5426 574 10.6 

Meat 28,002 1901 6.8 

Fish and seafood 16,243 209 1.3 

Dairy 7230 938 13.0 

Cereals 13,922 3827 27.5 

Sweets 799 490 61.3 

Pulses 2511 226 9.0 

Vegetable oils 3674 2202 60.0 

Vegetables 16,894 268 1.6 

Fruits 3535 540 15.3 

Roots 1691 318 18.8 

Total 99,926 11,493 11.5 

Regarding the values of EROI, sweets (61.3%) and vegetable oils (60.0%) are the food categories 

with the largest EROI, which indicates that these categories are the most efficient, although not 

necessarily the healthiest. It must be remarked that this work only assesses nutritional content in 

terms of energy; other nutritional features are not studied. They are followed by cereals and roots, 

with 27.5% and 18.8% EROI ratios, respectively. On the opposite side, fish and seafood, vegetables, 

meat and pulses have the lowest EROI, which indicates a very low energy efficiency in its production 

process. This agrees with results in the literature [3], which state that animal and animal derived food 

products consume large amounts of energy resources. Likewise, they reinforce the thesis of Popkin 

[48] and Laso et al. [43] on the environmental benefits of eating less meat and fish, since there is a 

huge potential for PED reduction. 

3.2. Energy Food Losses Quantification 

The energy flow analysis reveals that in terms of EEL, which means the primary energy invested 

in producing FL, meat, cereals, vegetables and fish and seafood are, respectively, the categories with 

the highest EEL values. Accordingly, they are the food categories most affected by the energetic 

inefficiencies in the food supply chain. Their EEL were estimated at 4027, 3259, 3143 and 2650 

kJ/cap/day, respectively, which together accounts for almost 84% of the total Spanish EEL (Table 2).  

Table 2. Food energy loss and embodied energy loss. 

Food Category  
FEL EEL 

(kJ/cap/day) (%) (kJ/cap/day) (%) 

Eggs 113 2 521 3 

Meat 553 11 4027 26 

Fish and seafood 80 2 2650 17 

Dairy 126 3 510 4 

Cereals 2386 46 3259 21 

Sweets 398 8 159 1 

Pulses 96 2 421 3 

Vegetable oils 687 13 233 2 

Vegetables 176 3 3143 20 

Fruits 381 7 661 4 

Roots 155 3 331 2 

Total 5151 100 15,915 100 
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In addition, once again, if the four categories of products of animal origin are added, it is 

highlighted the fact that around 50% of the total EEL is due to these products. In contrast, the 

categories with the lowest EEL values are sweets and vegetable oils, which represents values 20 times 

lower than the category with a higher value (meat). If the EEL is analysed in the different stages, it 

can be clearly perceived that the stage of consumption is the one in which the highest EEL is 

produced, representing more than 66% of the total in the whole food supply chain (Figure 5). The 

total sum of the EEL values obtained, were around 17% of the total PED in the entire food supply 

chain. 

In terms of the FEL, the categories of cereals, vegetable oils and meat, represent the highest 

values (Table 2). As this sequence coincides with the results of the energy provided to consumer 

(Table 1), these high values could be due to the high percentage of the European diet, which is based 

on cereals, vegetable oils and meat. On the other side, the categories with the lowest FEL are fish and 

seafood, pulses and eggs. This sequence agrees again with the results of the energy provided to 

consumer (Table 1), with the exception of eggs. Thus, the low values of FEL could be also related to 

the European diet, although other factors not analysed in this work could influence them. Regarding 

the different stages of the food supply chain, the results show that the stage of consumption is the 

one with the highest values (Figure 5). Moreover, agricultural production plus processing and 

packaging together would be the part of the food supply chain with the highest FEL. The distribution 

stage, despite being the one that requires the most PED, is at the same time the one that clearly 

generates less FEL (7.4%). When it comes to recover energy from FL, the qualitative and quantitative 

composition of FL is essential [13], and in this sense, from a quantitative point of view, these results 

suggest that the largest amount of FEL from which to recover energy occurs at the beginning and end 

of the food supply chain, being 1130 and 1290 kJ/cap/day the FEL in the stages of agricultural 

production and processing and packaging, and 2349 kJ/cap/day in the stage of consumption. The 

total results of the FEL highlighted that approximately 5154 kJ/cap/day are thrown away, which 

means that from a FEL point of view, for the consumption of two to three persons in Spain, one more 

person could eat.  

 

Figure 5. Food energy loss (FEL) and embodied energy loss (EEL) by stage of the food supply chain. 

Values expressed in kilojoules per capita per day (left and right ordinate axis). 

3.3. Nutritional Assessment of the Energy Food Loss 

The food categories under study have been classified according to four different diets: 

vegetarian, pescetarian, Mediterranean and omnivorous. A vegetarian diet includes cereals, roots and 

tubers, sweets, vegetable oils, vegetables, fruits, pulses, dairy and eggs. A pescetarian diet is a 

vegetarian diet that includes fish and seafood. A Mediterranean diet is similar to the pescetarian, but 

includes moderate amounts of meat. Omnivorous diets consider all food groups.  



Energies 2019, 12, 767 11 of 19 

 

Figures 6 and 7 represent the values obtained from FEL (kJ/cap/day) and EEL (kJ/cap/day), 

respectively, for the different food categories (abscissa axis) and the different stages (different colors 

in each column), being the numerical values signified on the ordinate axis.  

If the FEL values for each category and stage of the food supply chain are related, it is clear that 

the category of cereals is the most wasteful one. From a quantitative point of view, it suggests that 

cereals should be the main category for placing the focus when developing FL management 

strategies. Moreover, regarding the results, the change of the diet would not imply a significant 

change in terms of FEL, as can be seen in Figure 6: 

 

Figure 6. Food energy loss (FEL) of the different food categories throughout the supply chain. Values 

expressed in kilojoules per capita per day. 

On the other hand, Figure 7 displays the EEL values for each category and stage of the food 

supply chain. From figure, it is observed that the type of diet does have a clear influence. The meat 

category presents the largest EEL values, followed closely by cereals, vegetables and fish and seafood, 

respectively. In terms of EEL, the vegetarian diet appears to be the one which the highest amount of 

primary energy saves, followed by the pescetarian diet. The consumption of meat in the 

Mediterranean and omnivorous diets supposes a significant increase of EEL. 
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Figure 7. Embodied energy loss (EEL) of the different food categories throughout the supply chain. 

Values expressed in kilojoules per capita per day. 

Taking into account an overall results overview, it is suggested that due to the more mass losses 

of cereals, their value stands out against the others. However, in case of meat and fish and seafood, 

when analysing the energy used in its production, those categories have a very high PED to produce 

low levels of food. 

3.4. Energy Return on Investment–Circular Economy Index 

Figure 8 shows a general trend for decreasing PED demand with higher priority levels in the 

food waste hierarchy. Negative values of 𝐸𝑅𝑂𝐼𝑐𝑒  indicate that the energy recovered from the 

management of FL is larger than the energy requirements for its management. As shown, landfilling 

with biogas recovery (Scenario 1: L) do not recover enough energy to compensate the energy 

expenses of the treatment. Anaerobic digestions and composting (Scenario 3: AD&C) seems to be the 

best option for the food categories assessed. An exception is suggested for vegetables FL, for which a 

larger PED is observed for Scenario 2 (I), involving higher energy recovery from the incineration 

treatment. This may be due to the fact that the fermentation period is longer than the rest of the 

categories and therefore requires a higher energy consumption.  

Afterwards, 𝐸𝑅𝑂𝐼𝑐𝑒  scores have been assessed. Results from Figure 9 suggest that AD&C is the 

best FL management strategy. On the other hand, it is highlighted that cereals is the category with 

the highest potential for energy recovery, with values between 20 and 28 times higher than the rest 

of the categories, regardless of the scenario. This is undoubtedly influenced by the fact that it has the 

highest FEL value, representing 44% of the total. Finally, it is observed that vegetables appear again 

as the less energy efficient category, owing to the low energy recovered from its FL management, 

which could be due to a low carbon content. The numerical results can be consulted in Table S8. 

 

Figure 8. Primary energy demand values for the considered scenarios expressed in kilojoules per 

kilogram. 
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Figure 9. Energy return on investment–Circular economy index for the considered scenarios. 

4. Discussion 

The results of the energy flow analysis determined a total EEL value of 17% in relation to the 

total PED along the entire supply chain, showing the consumption stage as the most inefficient one. 

This is in accordance with Vittuari et al. [7], who assume that embodied energy builds up along the 

chain, so the latter the FL occurs, the greater the energy loss. The EEL results indicate that in the final 

part of the food supply chain, which means the sum of the distribution stage plus the consumption 

stage, the highest amount of EEL is concentrated. The FEL results point out that the stage of 

consumption is the one with the highest values. Moreover, if the FEL values for agricultural 

production and processing and packaging are added, it is suggested that the first part of the food 

supply chain accumulate the highest FEL. These results highlight the option of decentralise the 

energy recovery strategies, which could improve the efficiency in the FL management systems, by 

installing energy recovery plants at the beginning and at the end of the FSC.  

Regarding the nutritional assessment in terms of EEL, vegetarian and pescetarian diets appear 

to be the most efficient ones. In this sense, several studies have supported similar thesis taking into 

account different approaches such as the greenhouse gas emissions [49] and the economic value of 

FL [13]. 

From FEL results, the high loss value generated by the cereals category (44%) is remarkable After 

assessing the 𝐸𝑅𝑂𝐼𝑐𝑒  scores, results also suggest that cereals is the category with higher potential for 

energy recovery. In addition, in three of the four categories analysed, results show a general trend 

for decreasing PED with higher priority levels in the food waste hierarchy [44], standing out the 

AD&C as the most appropriate for FL management. This reinforces the thesis that FL is an attractive 

substrate for AD&C because of its low total solids and high content of soluble organics, as stated 

by David et al. [50]. In this sense, the development of decentralised energy recovery strategies 

through AD&C could be proposed, as opposed to centralised strategies, which are large scale for the 

treatment of FL [51]. 

Following the previous context, new strategies for the different fractions of FL and its 

compositions could be introduced in order to meet the transition towards a more circular economy 

[52]. In this case, the cereal fraction stands out in terms of the amount of FEL and the amount of food 

that can be reintroduced into the food supply chain. In this sense, until now, AD&C has usually been 

focused on the recovery of biogas in form of methane mainly. In view of the high energy recovery 

potential of cereals and their high level of hydrocarbons in their chemical composition; it is proposed 

their separately management, based on the works of Kibbler et al. [53] and Bernstad and La Cour 

[54]. Due to its composition, it is considered that they have a high potential for the recovery of 

bioenergy in form of hydrogen. Therefore, this proposal of decentralisation would include the 
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development of two types of AD&C digesters: one for the cereal fraction with hydrogen recovery, 

and another for the rest of FL, with methane recovery, as can be seen in Figure 10.  

Decentralised AD&C plants of biogas production from organic waste and FL, could have clear 

advantages in concrete contexts like rural regions, and other local economies which are far away from 

power sources [55]. This has already been tested in many rural contexts around the world, existing 

good and diverse examples, as the works developed by Raha et al. [56] in India, and Kelebe and 

Olorunnisola [57] in Ethiopia. Another argument in favour of this decentralisation option is the fact 

that valorisation in form of biogas is, generally, more applicable when there is homogeneity of the 

waste [58], and homogeneous FL streams are most likely generated before being mixed with the rest 

of the FL [59]. In this sense, there are several technological challenges that require future research in 

order to deploy this technology for small and medium applications.  

One of the main barrier for those strategies is the wide variation of feedstock and environmental 

conditions (e.g., temperature) over space and time, which are more difficult to control through small-

decentralised digesters. Additionally, it is important to know that from an energetic point of view, 

small scale AD&C hardly can perform a strong separation between biodegradable and non-

biodegradable fraction. If a stronger pre-treatment is demanded, local anaerobic digestion can 

become impracticable from both an energy and economic point of view [51]. 

On the other hand, the decentralised management option could also be applied to the 

consumption stage, as it is a very simple system [60]. It could be an especially interesting alternative 

in buildings where a large number of people are living, receiving a high and constant source of power 

to produce energy, for self-consumption in the first instance, and to sell to the electricity grid if 

consumption is less than production. As a practical example, a recent study in this field, carried out 

by Walker et al. [61], analysed systems of micro-scale anaerobic digesters in London, showing that 

this technology could provide a useful means of processing FL in urban areas.  

The proposed change of strategies poses the debate of the ‘sustainable de-growth’ sustained by 

Amate [2] and Latouche [62], which emerged as a strategy that aims to generate new social values 

and new policies capable of satisfying human requirements whilst reducing the consumption of 

resources. It is also intended to support the European Union action plan for the transition to a more 

circular economy [63], and the Bioeconomy Strategy [64], contributing to meet the objectives of 

bioenergy and the sustainable use of renewable sources, through the replacement of fossil fuel by 

renewable raw materials and the replacement of chemical processes by biological ones.  

 

Figure 10. Outline of the proposed energy recovery strategies. 
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5. Conclusions 

The energy flow analysis developed in this work suggest that to produce 1 kJ of nutritional 

energy, 8.7 kJ of primary energy is required, being the distribution and agricultural production stages 

the ones that require the most primary energy, respectively. From the 11 categories studied, the ones 

with the lowest EROI are fish and seafood, vegetables, meat and pulses. In terms of EEL, consumption 

is the stage with the highest values, representing more than 66% of the total in the whole food supply 

chain. The total sum of the obtained EEL results was 17% of the total PED. Meat, cereals, vegetables 

and fish and seafood have the highest values, which together accounts for almost 84% of the total 

Spanish EEL. If the four categories of products of animal origin are added, it is highlighted the fact 

that around 50% of the total EEL is due to these products. In terms of FEL, cereals, vegetable oils, 

meat and sweets, represent the highest values. The stage of consumption is clearly the one with the 

highest FEL value, although the beginning of the food supply chain would represent a higher FEL if 

agricultural production and processing and packaging values are added. The distribution stage, 

despite being the one that requires the most PED, is at the same time the one that clearly generates 

less FEL (7.4%).  

The study suggests that the efficiency of energy of the agri-food supply depends heavily on the 

food category under study. Meat and fish and seafood have a very high PED to produce less food. 

Also, according to the 𝐸𝑅𝑂𝐼𝑐𝑒  it is highlighted that cereals is the category with the highest potential 

for energy recovery from FL, with values between 20 and 28 times higher than the rest of the 

categories.  

Related to the results, it is suggested that energy recovered from FL can contribute considerably 

to the national energy grid, as well as to energy self-consumption throughout the food supply chain. 

This could contribute to reduce the environmental costs, the demand of other types of non-clean 

energies such as coal- and nuclear- energy, and to produce new food from the recovered energy. 

Although up to now the collection of FL is usually done in a centralised way, the use of AD&C 

for decentralised biogas production is, according to this work, one of the most potential technologies 

of bioenergy generation. It offers a good option of local FL management, which reduces the 

environmental impact due to transport, and encourages self-consumption, as well as benefiting the 

economy of local actors. Moreover, the recovery of energy in form of biogas can occur through the 

generation of different products. In this sense, a proposal of possible treatment strategies for residues 

of cereals with hydrogen recovery and mixed FL with methane recovery, is made. It is considered 

that the diversification and decentralisation in FL energy recovery strategies could facilitate the 

transition to a more circular economy. The efficiency of the proposed strategies could be further 

improved by intensifying research and optimisation studies. Thus, basic research is critical in order 

to advance the development of those technologies. 

Results from the study allows to facilitate the decision-making process for the proper FL 

management, developing a general awareness on the need of energy-smart strategies or policies, 

which are decentralised and adapted to each stage of the food supply chain and the different fractions 

of food. This claim is in contrast to the waste hierarchy of the European Union, which is considered 

as a too generic proposal. Specifically, this work aims to highlight the need to address a decentralised 

and diverse FL management, in order to manage more efficiently the different fractions, and at each 

of the different stages of the food supply chain. Future works should: (i) simulate different scenarios 

of decentralised management, (ii) put into practice the cases of pilot studies already carried out, and 

(iii) optimize systems on a larger scale through the intervention of small-scale systems throughout 

the food supply chain, for which it is fundamental to establish regional strategies that support the 

already established global ones. Thus, the general objective of this research field is to follow strategies 

that act locally to achieve global development. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 

Outline of the assumed division in stages of the food supply chain, Table S1: Food commodities 

included in the study, based on Garcia-Herrero et al., Table S2: Mass-to-energy conversion factors 

and life cycle inventory sources, Table S3: Results in petajoules per year in Spain of the primary 
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energy demand by each food category under study, and on each food supply chain stage. The values 

are related to the percentages assumed, based on Laso et al., Table S4: Results in MJ/cap/day of the 

embodied energy loss and in kJ/cap/day of the food energy loss by each food category under study, 

on each stage, Table S5: Proteins, carbohydrates and energetic content for the food categories under 

study [22]. Table S6: Allocation and conversion factors used for calculating the edible part of food 

production which is used for human consumption, Table S7. Food losses percentages for each food 

category as a percentage of what enters on each supply chain stage. Unless stated otherwise, 

percentages are obtained from Garcia-Herrero et al. and Gustavsson et al. for Europe region, Table 

S8: Results of the Energy return on investment–Circular economy index (𝐸𝑅𝑂𝐼𝑐𝑒) on fish and seafood, 

cereals, vegetables and meat, on each of the considered scenarios.  

Author Contributions: conceptualisation: R.A.; investigation: D.H., I.G.H., and J.L.; methodology and formal 

and technical analysis: P.F.P., A.B., A.I., and R.A.; supervision: R.A. and M.M., writing and editing of manuscript: 

D.H., I.G.H. and J.L. 

Funding: This work has been made under the financial support of the Project Ceres-Procom: Food production 

and consumption strategies for climate change mitigation (CTM2016-76176-C2-1-R) (AEI/FEDER, UE) financed 

by the Ministry of Economy and Competitiveness of the Government of Spain.  

Acknowledgements: Daniel Hoehn thanks the Ministry of Economy and Competitiveness of Spanish 

Government for their financial support via the research fellowship BES-2017-080296. The authors also thank to 

the UNESCO Chair in Life Cycle and Climate Change. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Abbreviations 

AD&C 

EEL 

EROI  

EROIce 

FEL 

FL 

I 

L 

PED 

Anaerobic Digestion and Composting 

Embodied Energy Loss 

Energy Return On Investment  

Energy Return On Investment – Circular Economy Index 

Food Energy Loss 

Food Loss 

Incineration with energy recovery 

Landfill with biogas recovery 

Primary Energy Demand 

References 

1. Carlsson-Kanyama, A.; Ekström, M.; Shanahan, H. Food and life cycle energy inputs: Consequences of diet 

and ways to increase efficiency. Ecol. Econ. 2003, 44, 293–307. 

2. Infante-Amate, J.; González de Molina, M. “Sustainable de-growth” in agriculture and food: An agro-

ecological perspective on Spain´s agri-food system (year 2000). J. Clean. Prod. 2013, 38, 27–35. 

3. Pimentel, D.; Pimentel, M.H. Food, Energy and Society, 3rd ed.; CRC Press, Taylor and Francis Group: Boca 

Raton, FL, USA, 2008. 

4. Martinez-Alier, J. The EROI of agriculture and its use by the Via Campesina. J. Peasant Stud. 2011, 38, 145–

160. 

5. Cuellar, D.; Webber, E. Wasted Food, Wasted Energy: The Embedded Energy in Food Waste in the United 

States. Environ. Sci. Technol. 2010, 44, 6464–6469. 

6. Lin, B.; Chappell, M.; Vandermeer, J.; Smith, G.; Quintero, E.; Bezner-Kerr, R.; Griffith, D.; Ketcham, S.; 

Latta, S.; McMichae, P.; et al. Effects of industrial agriculture on global warming and the potential of small-

scale agroecological techniques to reverse those effects. CAB Rev. Perspect. Agric. Vet. Sci. Nutr. Nat. Resour. 

2011, 6, 020. 

7. Vittuari, M.; De Menna, F.; Pagani, M. The Hidden Burden of Food Waste: The Double Energy Waste in 

Italy. Energies 2016, 9, 660. 

8. Markussen, M.V.; Østergård, H. Energy Analysis of the Danish Food Production System: Food-EROI and 

Fossil Fuel Dependency. Energies 2013, 6, 4170–4186. 



Energies 2019, 12, 767 17 of 19 

 

9. Tanczuk, M.; Skorek, J.; Bargiel, P. Energy and economic optimization of the repowering of coal-fired municipal 

district heating source by a gas turbine, Energy Convers. Manag. 2017, 149, 885–895. 

10. Food and Agriculture Organization of the United Nations (FAO). FAO Climate-Smart; FAO: Rome, Italy, 2011. 

11. European Commission. Commission Staff Working Document. European Research and Innovation for Food and 

Nutrition Security; European Commission: Brussels, Belgium, 2016. 

12. OECD. Improving Energy Efficiency in the Agro-Food Chain, OECD Green Growth Studies; OECD Publishing: 

Paris, France, 2017. 

13. Garcia-Herrero, I.; Hoehn, D.; Margallo, M.; Laso, J.; Bala, A.; Batlle-Bayer, L.; Fullana, P.; Vazquez-Rowe, 

I.; Gonzalez, M.J.; Durá, M.J.; et al. On the estimation of potential food waste reduction to support 

sustainable production and consumption policies. Food Policy 2018, 80, 24–38. 

14. FAO. The State of Food Insecurity in the World. Meeting the 2015 International Hunger Targets: Taking Stock of Uneven 

Progress; FAO: Rome, Italy, 2015. 

15. Department of Economic and Social Affairs, Population Division, United Nations. Probabilistic Population 

Projections based on the World Population Prospects: The 2017 Revision; United Nations: New York, NY, USA, 

2017. 

16. Kummu, M.; De Moel, H.; Porkka, M.; Siebert, S.; Varis, O.; Ward, P.J. Lost food, wasted resources: Global food 

supply chain losses and their impacts on freshwater, cropland, and fertiliser use. Sci. Total Environ. 2012, 4438, 

477–489. 

17. MAGRAMA. Spanish Strategy “More Food, Less Waste”; Program to Reduce Food Loss and Waste and Maximize 

the Value of Discarded Food; MAGRAMA: Madrid, Spain, 2013. 

18. Corrado, S.; Sala, S. Food waste accounting along global and European food supply chains: State of the art 

and outlook. Waste Manag. 2018, 79, 120–131. 

19. Infante-Amate, J.; Aguilera, E.; González de Molina, M. La gran Transformación del Sector Agroalimentario 

Español, Un Análisis Desde la Perspectiva Energética (1960–2010); Working Papers Sociedad Española de 

Historia Agraria: Santiago de Compostela, Spain, 2014. 

20. Canning, P.; Charles, A.; Huang, S.; Polenske, K.R. Water and Energy Use in the U.S. Food System; U.S. 

Department of Agriculture, Economic Research Service: Washington, D.C., USA, 2010. 

21. United Nations. The Sustainable Development Goals Report; United Nations: New York, NY, USA, 2018. 

22. European Commission. Communication from the Commission to the European Parliament, the Council, the European 

Economic and Social Committee and the Committee of the Regions. The Role of Waste-to-Energy in the Circular Economy; 

European Commission: Brussels, Belgium, 2017. 

23. Papargyropoulou, E.; Lozano, R.; Steinberger, J.K.; Wright, N.; Bin Ujang, Z. The food waste hierarchy as a 

framework for the management of food surplus and foodwaste. J. Clean. Prod. 2014, 76, 106–115. 

24. Cristobal, J.; Castellan, V.; Manfredi, S.; Sala, S. Prioritizing and optimizing sustainable measures for food 

waste prevention and management. Waste Manag. 2018, 72, 3–16. 

25. ISO 14040 Environmental Management—Life Cycle Assessment—Principles and Framework; ISO: Geneva, 

Switzerland, 2006. 

26. ISO 14044 Environmental Management—Life Cycle Assessment—Requirements and Guidelines; ISO: Geneva, 

Switzerland, 2006. 

27. Gustavsson, J.; Cederberg, C.; Sonesson, U.; Emanuelsson, A. The Methodology of the FAO Study: “Global Food 

Losses and Food Waste–Extent, Causes and Prevention”—FAO, 2011; The Swedish Institute for Food and 

Biotechnology (SIK): Göteborg, Sweden, 2013. 

28. FAO. Save Food: Global Initiative on Food Loss and Waste Reduction. Definitional Framework of Food Loss; Working 

Paper; FAO: Rome, Italy, 2014. 

29. Margallo, M.; Aldaco, R.; Irabien, A.; Carrillo, V.; Fischer, M.; Bala, A.; Fullana, P. Life cycle assessment 

modelling of waste-to-energy incineration in Spain and Portugal. Waste Manag. Res. 2014, 32, 492–499. 

30. Manfredi, S.; Cristobal, J. Towards more sustainable management of European food waste: Methodological 

approach and numerical application. Waste Manag. Res. 2016, 34, 957–968. 

31. Righi, S.; Oliviero, L.; Pedrini, M.; Buscaroli, A.; Della-Casa, C. Life Cycle Assessment of management 

systems for sewage sludge and food waste: Centralized and decentralized approaches. J. Clean. Prod. 2013, 

44, 8–17. 

32. Thinkstep. Gabi 6 Software and Database on Life Cycle Assessment; Thinkstep: Leinfelden-Echterdingen, 

Germany, 2017. 



Energies 2019, 12, 767 18 of 19 

 

33. Ministry of Agriculture, Fishery, Food and Enviroment, MAPAMA. Informes de Consumo de Alimentación en 

España; MAGRAMA: Madrid, Spain, 2015. 

34. Instituto de Diversificación y Ahorro de Energía (IDAE). Memoria Annual; IDAE: Sevilla, Spain, 2015. 

35. Asociación Española de Industriales de Plásticos (ANAIP). La Plasticultura en España; ANAIP: Madrid 

Spain, 2015. 

36. Spanish Association of Pulp, Paper and Cardboard Manufacturers. Available online: 

http://www.aspapel.es/ (accessed on 5 July 2018). 

37. INFOPACK. Packaging and Industrial Labelling Magazine. Available online: http://www.infopack.es/es 

(accessed on 4 July 2018). 

38. DataComex. Spanish Statistics on International Trade. Available online: http://datacomex.comercio.es/ 

(accessed on 5 July 2018). 

39. Bedca Database. Spanish Food Composition Database. Available online: http://www.bedca.net/ (accessed 

on 15 June 2018). 

40. USDA Food Composition Databasesp; USDA: Washington DC, USA, 2018. 

41. Vinyes, E.; Asin, L.; Alegre, S.; Muñoz, P.; Boschmonart, J.; Gasol, C.M. Life Cycle Assessment of apple and 

peach production, distribution and consumption in Mediterranean fruit sector. J. Clean. Prod. 2017, 149, 313–

320. 

42. Roibás, L.; Elbehri, A.; Hospido, A. Carbon footprint along the Ecuadorian banana supply chain: 

Methodological improvements and calculation tool. J. Clean. Prod. 2016, 112, 2441–2451. 

43. Laso, J.; Hoehn, D.; Margallo, M.; García-Herrero, I.; Batlle-Bayer, Bala, A.; Fullana-i-Palmer, P.; Vázquez-

Rowe, I.; Irabien, A.; Aldaco, R. Assessing Energy and Environmental Efficiency of the Spanish Agri-Food 

System Using the LCA/DEA Methodology. Energies 2018, 11, 3395. 

44. Eriksson, M.; Strid, I.; Hansson, P. Carbon footprint of food waste management options in the waste 

hierarchy—A Swedish case study. J. Clean. Prod. 2015, 93, 115–125. 

45. Carlsson, M.; Uldal, M. Substrathandbok för Biogasproduktion [Substrate Handbook for Biogas Production]; Rapport 

SGC 200; Svenskt Gastekniskt Center: Malmö, Swedish, 2009. 

46. Padeyanda, Y.; Jang, Y.; C. Ko; Y. Yi, S. Evaluation of environmental impacts of food waste management by 

material flow analysis (MFA) and life cycle assessment (LCA). Mater. Cycles Waste Manag. 2016, 18, 493–508. 

47. Pelletier, N.; Audsley, E.; Brodt, S.; Garnett, T.; Henriksson, P.; Kendall, A.; Krammer, K.J.; Murphy, D.; 

Nemecek, T.; Troell, M. Energy Intensity of Agriculture and Food Systems. Annu. Rev. Environ. Resour, 2011, 

36, 223–246. 

48. Popkin, B.M. Reducing Meat Consumption Has Multiple Benefits for the World’s Health. Arch. Intern. Med. 

2009, 169, 543. 

49. Berners-Lee, M.; Hoolohan, C.; Cammack, H.; Hewitt, C.N. The relative greenhouse gas impacts of realistic 

dietary choices. Energy Policy 2012, 43, 184–190. 

50. David, A.; Govil T.; Kumar, T.A.; McGeary, J.; Farrar, K.; Kumar, S.R. Thermophilic Anaerobic Digestion: 

Enhanced and Sustainable Methane Production from Co-Digestion of Food and Lignocellulosic Wastes. 

Energies 2018, 11, 2058. 

51. Wang, J. Decentralized biogas technology of anaerobic digestion and farm ecosystem: Opportunities and 

challenges. Front. Energy Res. 2014, 2, 10, doi:10.3389/fenrg.2014.00010. 

52. Arushanyan, Y.; Björklund, A.; Eriksson, O.; Finnveden, O.; Söderman, M.L.; Sundqvist, J.O.; Stenmarck, 

A. Environmental Assessment of Possible Future Waste Management Scenarios. Energies 2017, 10, 247. 

53. Kibbler, K.; Reinhart, D.; Hawkins, C.; Motlagh, A.; Wright, J. Food waste and the food-energy-water nexus: 

A review of food waste management alternatives. Waste Manag. 2018, 74, 52–62. 

54. Bernstad, A.; La Cour, J. Review of comparative LCAs of food waste management systems—Current status 

and potential improvements. Waste Manag. 2012, 32, 2439–2455. 

55. De Souza, G.C.; Rodrigues da Silva, M.D.; Gonçalves, S.E. Construction of Biodigesters to Optimize the 

Production of Biogas from Anaerobic Co-Digestion of Food Waste and Sewage. Energies 2018, 11, 870. 

56. Raha, D.; Mahanta, P.; Clarke, M.L. The implementation of decentralised biogas plants in Assam, NE India: 

The impact and effectiveness of the Nationa Biogas and Manure Management Programme. Energy Policy 

2014, 68, 80–91. 

57. Kelebe, H.E.; Olorunnisola, A. Biogas as an alternative energy source and a waste management strategy in 

Northern Ethiopia. Biofuels 2016, 7, 479–487. 



Energies 2019, 12, 767 19 of 19 

 

58. Girotto, F.; Peng, W.; Rafieenia, R.; Cossu, R. Effect of Aeration Applied During Different Phases of 

Anaerobic Digestion. Waste Biomass Valoriz. 2016, 9, 161–174. 

59. De Laurentiis, V.; Corrado, S.; Sala, S. Quantifying household waste of fresh fruit and vegetables in the EU. 

Waste Manag. 2018, 77, 238–251. 

60. Lundie, S.; Peters, G.M. Life cycle assessment of food waste management options. J. Clean. Prod. 2005, 13, 

275–286. 

61. Walker, M.; Theaker, H.; Yaman, R.; Poggio, D.; Nimmo, W.; Bywater, A.; Blanch, G.; Pourkashanian, M. 

Assessment of micro-scale anaerobic digestion for management of urban organic waste: A case study in 

London, UK. Waste Manag. 2017, 61, 258–268. 

62. Latouche, S. Le pari de la Décroissance; Fayard: Paris, France, 2006. 

63. European Commission. Communication from the Commission to the European Parliament, the Council, the 

European Economic and Social Committee and the Committee of the Regions. Closing the Loop—An EU Action Plan 

for the Circular Economy; COM (2015) 614 Final; European Commission: Brussels, Belgium, 2015. 

64. European Commission. Communication from the Commission to the European Parliament, the Council, the 

European Economic and Social Committee, and the Committee of the Regions. Innovating for Sustainable Growth: A 

Bioeconomy for Europe; COM (2012) 60 Final; European Commission: Brussels, Belgium, 2012. 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


	1. Introduction
	2. Methodology
	2.1. Goal and Scope
	2.2. Function, Functional Unit and System Boundaries
	2.3. Allocations
	2.4. Life Cycle Inventory
	2.5. Assessment of Food Loss Management Scenarios
	2.6. Material and Energy Flow Analysis
	2.7. Energy Impact Assessment

	3. Results
	3.1. Energy Flow Analysis
	3.2. Energy Food Losses Quantification
	3.3. Nutritional Assessment of the Energy Food Loss
	3.4. Energy Return on Investment–Circular Economy Index

	4. Discussion
	5. Conclusions
	Abbreviations
	References
	Word Bookmarks
	OLE_LINK1693
	OLE_LINK1694
	OLE_LINK1
	OLE_LINK2
	OLE_LINK1695
	OLE_LINK1696
	OLE_LINK1697
	OLE_LINK3


