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A B S T R A C T   

This study presents a comprehensive life cycle assessment of the environmental impacts of dietary patterns in 
different cities, focusing on the correlation between food consumption and environmental impact. The functional 
unit was the food required to meet one person’s yearly needs (1 Inh/year). To determine the quantity and type of 
food consumed, as well as the income level of the residents, 523 surveys were conducted in households in four 
cities in Chile (Iquique, Santiago, Temuco, and Coyhaique). Survey data were complemented with secondary 
information from national statistics and the Ecoinvent database. The environmental impact assessment was 
carried out using SimaPro, selecting the categories of global warming, terrestrial acidification, terrestrial eco
toxicity, freshwater ecotoxicity, freshwater eutrophication, land use, and fossil resource scarcity. The results 
show that higher-income households generate greater environmental impacts attributed to higher per capita food 
consumption. In the global warming category, the environmental impact can range from 1.08 kg CO2 eq/inh/ 
year for the first quintile to 2.15 kg CO2 eq/inh/year for the fifth quintile in Santiago. In this category, the 
impacts in the highest quintiles can be up to 2.2 times greater than those in the lowest quintiles. Similarly, in 
acidification, this difference can reach 2.3 times. In the freshwater eutrophication category, the highest-income 
quintiles can double the environmental impacts compared to the lowest (I and II), mainly due to higher con
sumption of red meat and dairy products. The food production stage was the environmental hotspot across all 
evaluated impact categories, accounting for 45%–60% of the impacts in global warming, terrestrial ecotoxicity, 
and fossil resource scarcity; 74%–78% in terrestrial acidification, freshwater eutrophication, and land use; and 
68%–71% in freshwater ecotoxicity. Meat was pinpointed as the primary environmental hotspot in global 
warming (44%), terrestrial acidification (56%), freshwater eutrophication (50%), land use (35%), and fossil 
resource scarcity (30%). Conversely, cereals are the primary environmental hotspot in terrestrial ecotoxicity 
(30%) and vegetables in freshwater ecotoxicity (18%). The geographical location of cities also influenced the 
environmental impacts of food consumption, primarily due to the types of available foods in regions near each 
city. Food availability conditions, diets, and quantities consumed, thus influencing environmental impacts. 
Finally, household incomes, the geographical location of cities, and the food production systems in each city 
determine the environmental impacts of food consumption. Different configurations of these variables create 
unique environmental impact profiles for each city. Despite this, typical environmental hotspots in food con
sumption were identified across all cities, enabling the implementation of strategies to minimize environmental 
impacts on a national scale. Thus, circular economy strategies linked to food production systems, as well as food 
loss and waste, could significantly reduce environmental impacts, presenting an intriguing opportunity for future 
research in this field.   

1. Introduction 

Food is an indispensable resource for humanity, and rising demand 

has become a concern in recent years. The Food and Agriculture Orga
nization warns that food production must increase by 50% by 2050 
(FAO, 2019) to meet this demand. Increased production will generate 
effects on the food system, leading to higher demand for natural 
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resources (Batlle-Bayer et al., 2020; Xiong et al., 2020) and increasingly 
intensive agriculture and livestock farming, which will boost the envi
ronmental burdens of food production (Corrado et al., 2017). 

Food production complexity often requires many processes, opera
tional units, and companies to contribute to the food production chain 
(Cellura et al., 2012). Throughout the life cycle of the food system, 
different environmental aspects are generated, such as water con
sumption, land use, fertilizer and pesticide use, electricity and fossil fuel 
consumption, solid and liquid waste, and greenhouse gas (GHG) emis
sions, among others (Sala et al., 2017; Xiong et al., 2020). Food and 
drink cause 20–30% of the combined environmental impact of private 
consumption and over 50% of eutrophication (Cellura et al., 2012). 
Studies of the food sector indicate that it is one of the most prolific en
ergy users and a significant contributor to global warming potential 
(GWP). This sector accounts for 20% of the total consumption of fossil 
fuels in the European Union (EU) (Kramer et al., 1999; Beccali et al., 
2009). According to the EU Commission, the food sector is responsible 
for 23% of global resource use and 31% of acidifying emissions 
(Bengtsson and Seddon, 2013). Food production annually contributes 
approximately 30% of anthropogenic GHG emissions. Additionally, the 
food system consumes around 30% of global primary energy, emitting 
3.3 Gt of CO2 eq/year due to food loss and waste (FAO, 2019). In parallel 
to resource consumption, an enormous quantity of waste is generated 
along the food supply chains (Noya et al., 2018), 1,400, 000, 000 ha of 
land are used in association with food loss and waste, and 70% of 
freshwater is consumed globally (FAO, 2019). 

Due to the multiple subsystems (fuel, fertilizer, electricity, etc.) and 
associated flows involved in the food system, life cycle assessment (LCA) 
methodology has been widely applied in the food industry (Batlle-Bayer 
et al., 2019). LCA has been used as a tool to determine environmental 
impacts (Djekic et al., 2018), identify environmental hotspots (Muñoz 
et al., 2017), compare different production regimens (Montalba et al., 
2019; Herrera et al., 2012), and propose strategies to improve envi
ronmental performance (Chapa et al., 2020), among other applications. 
Hence, LCA is a methodology that facilitates quantifying environmental 
aspects and impacts associated with a process or product throughout its 
life cycle, from the extraction of raw materials to its final disposal (ISO, 
2006a). 

LCAs associated with food consumption have been developed for a 
variety of purposes. The vast majority have focused on impacts on the 
food supply chain, mainly in production (Xiong et al., 2020); analyzing 
has implications for different dietary scenarios (Arrieta and González, 
2018) and as a tool for decision-making at the company and public 
policy level (Vázquez-Rowe et al., 2017). LCA studies on food have 
focused mainly on analyzing effects in the global warming impact 
category. Because of this, other environmental impact categories of 
importance to food systems, such as land use, freshwater eutrophication, 

soil acidification, and fossil resource depletion, have been little studied 
(Batlle-Bayer et al., 2020; Djekic et al., 2018). Most studies have 
considered a cradle-to-gate scope, agreeing that the production stage 
contributes the most to environmental impacts (Batlle-Bayer et al., 
2019). Furthermore, when assessing different food groups, food of ani
mal origin is responsible for approximately 50% of the environmental 
effects (Arrieta and González, 2018). 

On the other hand, studies that have analyzed different dietary sce
narios agree that vegan and vegetarian diets reduce between 50 and 
60% of the environmental impacts of global warming associated with 
conventional food consumption (Arrieta and González, 2018). Although 
recent studies indicate that replacing animal food with plant food de
creases impacts on global warming, increasing plant food increases 
environmental impacts associated with water and soil (Batlle-Bayer 
et al., 2020; Notarnicola et al., 2017). 

Food loss and waste (FLW) has been another topic of interest in 
recent years. Food loss is generated from production to distribution, 
while food waste is from sale to consumption (FAO, 2012). FAO (2019) 
states that FLW is responsible for about 30% of GHG emissions from a 
person’s diet. Thus, there has been growing concern about their envi
ronmental impact, which has increased research on the environmental 
effects of loss and waste throughout the food life cycle (FAO, 2019). In 
this regard, strategies towards sustainable food systems have focused on 
FLW generation and valorization (Corrado et al., 2017). However, the 
geographical location of production, yields, and inhabitants’ socioeco
nomic level have been studied less, even though these variables are 
determinants of the environmental burdens of food. 

Kreidenweis et al. (2016) indicate that focusing on production yields 
could bring more significant advantages than focusing on decreasing 
transport distances. Vázquez-Rowe et al. (2017), integrating different 
variables and dietary patterns, found that households with higher so
cioeconomic levels generate up to five times more GHG emissions. 
Similar results recently published by López-Eccher et al. (2021) in 
homes in Santiago, Chile, showed that the higher the socioeconomic 
level, the more significant the environmental impacts. They also show 
that food is the leading environmental hotspot in global warming, 
terrestrial acidification, and freshwater eutrophication. Furthermore, 
Vázquez-Rowe et al. (2017) identified specific household food intake 
differences that produce variation in environmental impacts from a 
geographical perspective. In this sense, household consumption and 
eating patterns are crucial, as they are the main drivers of food pro
duction (Batlle-Bayer et al., 2020). Global, regional, and national food 
consumption patterns exhibit differences, and these can further vary 
based on household size, composition, age, gender, educational level, 
and income (Biresselioglu et al., 2023). Another important factor is 
culture, as it plays a pivotal role in determining what and how people 
consume food. Cultural influences are shaped by beliefs, customs, atti
tudes, and geographic locations, among others (Salazar-Ordóñez et al., 
2018). 

Geographically, Chile is a very long country with varied relief 
characteristics, giving it marked differences in its climatic factors from 
north to south and according to altitude (ODEPA, 2017). The northern 
part of the country is characterized by extreme aridity and desert, the 
central zone by temperate climates, while rainy and cold temperatures 
represent the south. Thus, a wide variety of food production systems are 
present in the national territory (INE, 2021), which conditions diets and 
food imports and exports. In Chile, 80% of the population is estimated to 
follow an omnivorous diet, followed by 10% adhering to flexitarian diets 
(reducing meat consumption), 5% vegetarian, 3% pescatarian, and 1% 
vegan (Ipsos, 2023). These dietary choices vary among consumers, with 
selection criteria based on factors such as health, nutritional benefits, 
the naturalness of foods, and the environmental impact they generate 
(Biresselioglu et al., 2023; Polyak et al., 2023). Given the multitude of 
variables that can impact food consumption in urban areas, questions 
arise regarding the variability of environmental impacts associated with 
food consumption in Chilean cities and identifying key environmental 
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hotspots within diets. Therefore, this study aims to assess the environ
mental effects throughout the life cycle of foods to determine their 
primary environmental hotspot. To achieve this, the study analyzed the 
environmental impacts of the food life cycle associated with diets ac
cording to geographic location and socioeconomic level. Using a 
bottom-up methodology through surveys applied in different cities in 
Chile, this study identified the main environmental hotspots of the food 
life cycle. 

2. Literature review on life cycle assessment of food 
consumption 

Numerous Life Cycle Assessment (LCA) studies have been conducted 
on food systems to determine the environmental impacts of food con
sumption (Baldassarri et al., 2017)), analyze consumption patterns 
(Kalbar et al., 2016), identify environmental hotspots (Batlle-Bayer 
et al., 2020; Kalbar et al., 2016), ascertain the global warming impacts of 
diets (Arrieta and González, 2018; Batlle-Bayer et al., 2020; Este
ve-Llorens et al., 2019; Vázquez-Rowe et al., 2017), and evaluate the 
environmental effects of various diets (Chapa et al., 2020; Xiong et al., 
2020), among other applications. In addition to their objectives, these 
studies have considered different methodological elements of LCA, such 
as the functional unit, system boundaries, inventory data sources, allo
cation procedures, environmental impact assessment methodologies, 
and interpretation. These elements depend on the study’s goal and the 
availability of information in each country. 

Concerning the objective and scope, the studies have mainly focused 
on determining the environmental impacts and identifying environ
mental hotspots of foods and diets. The most commonly used functional 
unit has been the amount of food consumed by a person over a year (kg/ 
person/year) ((Batlle-Bayer et al., 2019; Kalbar et al., 2016; Loiseau 
et al., 2023), especially when the study considers households, diets, 
cities, and countries. However, diet studies have also utilized the 
amount of kcal consumed by a person over a temporal horizon (Arrieta 
and González, 2018; Esteve-Llorens et al., 2019) or the kcal contribution 
of a diet (Chapa et al., 2020). When the analysis focuses on food pro
duction systems, the most common functional unit is the kg of food 
produced (Cellura et al., 2012). To model the life cycle, studies have 
considered various scopes. The most common have been from 
cradle-to-grave (Baldassarri et al., 2017; Kalbar et al., 2016; Loiseau 
et al., 2023; Xiong et al., 2020) and from cradle-to-gate (Batlle-Bayer 
et al., 2020; Chapa et al., 2020; Kreidenweis et al., 2016). However, 
scopes from cradle to the retail site (Kreidenweis et al., 2016; 
Vázquez-Rowe et al., 2017) and cradle-to-consumer (Casamayor et al., 
2024) or to the consumer’s mouth (Esteve-Llorens et al., 2019) have also 
been considered. 

In terms of life cycle inventory, the majority of studies have used 
background data obtained from national statistics at different scales, 
such as the European Union (Baldassarri et al., 2017), countries (Chapa 
et al., 2020; Xiong et al., 2020), and municipalities (Esteve-Llorens et al., 
2019; Loiseau et al., 2023). Generally, the information associated with 
basic food baskets ((Baldassarri et al., 2017; Chapa et al., 2020; Este
ve-Llorens et al., 2019; Loiseau et al., 2023; Xiong et al., 2020) comes 
primarily from sources like the FAO, Eurostat, and governmental sta
tistics, sourcing from these data on food consumption and purchase. 
Only one study was identified that collected foreground data from sur
veys, which included information related to demographics, housing, 
energy consumption, transport, and food consumption (Kalbar et al., 
2016). 

Furthermore, urban food consumption is shaped by countless indi
vidual food choices, each influenced by specific personal characteristics 
and the physical and social context (Stelwagen et al., 2021). At both 
collective and individual levels, dietary behaviors and choices are 
pivotal against the ongoing environmental crisis (Rabès et al., 2020). 
Dietary habits incur a significant environmental cost linked to crop 
harvesting, manufacturing processes, packaging, refrigeration, 

transportation, food preparation, and waste management 
(González-García et al., 2018). The purchase of environmentally 
friendly food items, such as organic products, has been tied to levels of 
environmental awareness rather than demographic factors like income 
and age (Asvatourian et al., 2018). 

In the life cycle environmental impact assessment, climate change is 
the most studied impact category at the level of scientific articles 
(Arrieta and González, 2018; Baldassarri et al., 2017; Batlle-Bayer et al., 
2019, 2020; Chapa et al., 2020; Esteve-Llorens et al., 2019; Kalbar et al., 
2016; Kreidenweis et al., 2016; Vázquez-Rowe et al., 2017; Xiong et al., 
2020), followed by freshwater eutrophication and acidification (Bal
dassarri et al., 2017; Chapa et al., 2020; Kalbar et al., 2016). To a lesser 
extent, some studies have analyzed freshwater and marine ecotoxicity, 
particulate matter formation, and depletion of fossil resources ((Bal
dassarri et al., 2017; Kalbar et al., 2016). SimaPro software has been the 
most used for inventory modeling and environmental impact assessment 
in its various versions (Baldassarri et al., 2017; Chapa et al., 2020; 
Kreidenweis et al., 2016; Loiseau et al., 2023), while the Gabi software 
was utilized in one study (Kalbar et al., 2016). 

Studies employing the functional unit of food consumed per person 
per year (kg/person/year) have reported carbon footprints ranging be
tween 1190 and 1470 kg CO2 eq across various countries in the Euro
pean Union (Batlle-Bayer et al., 2019; Kalbar et al., 2016; Loiseau et al., 
2023). These authors have estimated that over 72% of greenhouse gas 
emissions originate from animal-based foods, primarily influenced by 
red meats, fish, dairy products, and to a lesser extent, vegetables (Batl
le-Bayer et al., 2019). Additionally, this research identified the pro
duction phase of foods as the principal environmental hotspot. Similar 
outcomes have been reported in studies utilizing the functional unit of 
dietary kcal (Arrieta and González, 2018; Esteve-Llorens et al., 2019; 
Chapa et al., 2020). Regarding other impact categories, comparison is 
challenging due to the diversity of methods and impact category in
dicators used. 

3. Methodology 

3.1. Goal and scope 

This study aimed to assess the environmental effect of the life cycle of 
foods to determine their primary environmental hotspot. For this pur
pose, the life cycle assessment methodology was applied according to 
the requirements established by the ISO 14044 standard (ISO, 2006b) 
and by following the methodological scheme presented in Fig. 1. 

Specifically, this study analyzed the following specific objectives: 1) 
to evaluate the impact of household income levels on the environmental 
impacts of food consumption; 2) to determine which types of foods 
contribute most significantly to the environmental load in diets; 3) to 
assess the influence of the geographical location of cities on the envi
ronmental impacts of household food consumption. The functional unit 
used was the food consumed by a person for one year (inhabitant 
equivalent/year) considering a cradle-to-grave scope. Therefore, the 
reference flow corresponds to all the foods that satisfy a person’s food 
needs during a year. This functional unit has recently been studied by 
Xiong et al. (2020), who assessed changes in food consumption before 
and after urbanization using life cycle assessment. 

3.2. Life-cycle inventory 

The scope comprises the cradle-to-grave approach, from the extrac
tion of resources to the end of the life of food. Fig. 2 presents the system 
boundaries, including the production process (primary production and 
food processing), the transport and distribution, the sale of food, the 
consumption stage, and the end-of-life food losses and waste. 

3.2.1. Household food consumption 
This study used a bottom-up approach by conducting household 
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surveys in four Chilean cities: Iquique, Santiago, Temuco, and Coyhai
que. These cities were selected due to their locations in Chile’s distinct 
geographical and climatic zones. Santiago, the capital, is situated in the 
central zone and features a Mediterranean climate with a long dry sea
son and rainy winters. It has an average annual temperature of 14 ◦C, 
with strong thermal contrasts in summer, exceeding 30 ◦C during the 
day. Santiago records an average annual precipitation of 369.5 mm. 
Iquique, located 1853 km north of Santiago, is characterized by its lack 
of rainfall, presenting an extremely arid landscape with sparse vegeta
tion. It has a cloudy coastal desert climate with an average annual 
temperature of 18.1 ◦C. The highest yearly precipitation recorded is 2.6 
mm, but usually, there is no rainfall. Temuco, 670 km south of Santiago, 
is known for its temperate oceanic climate with frequent rain. The 
annual precipitation averages 1246 mm, with January and February 
being the driest months, averaging 40 mm monthly. Coyhaique, situated 
1786 km south of Santiago, experiences a cold oceanic climate with low 
temperatures, abundant rainfall, strong winds, and high humidity. The 
annual precipitation in Coyhaique is 1385 mm. Surveys were applied in 
Chile’s northern zone, in Iquique, in the central zone, in Santiago 
(including the districts of Providencia, Macul, and Pedro Aguirre Cerda), 
and in the southern zone, in Temuco and Coyhaique. In each district, 
100 surveys were conducted, totaling 600. However, due to missing 
relevant information, only 523 surveys were used in this study. The 
sample was selected using an urban property division method for each 
district, sourced from the Chilean Internal Revenue Service (SII, 2018). 
Properties with a registered property number were randomly chosen, 
merged, and spatially distributed using ArcGIS 10.3 software. Surveyors 
visited selected households and asked the head of the household about 
their willingness to participate. If participation was declined, the sur
veyors approached the neighboring household. This process was 
repeated until a willing participant was found. Surveys were conducted 
per zone and city to collect information on the number of inhabitants per 
household, average per capita income, types and quantity of food 
consumed (Table 2), and energy consumption (gas, electricity, and 
firewood). The food data obtained from the surveys were classified into 
11 groups, as shown in Table 1. This classification was based on the 
literature review and allowed for the inclusion of all the foods consumed 
in the surveyed households. Detailed information was included in 

Supplementary Material A. 
The data obtained from the surveys were classified according to the 

economic level of the households. Thus, five levels (quintiles) were 
considered according to the range shown in Table 2. This classification 
was used to classify the Chilean population according to their income 
level. Quintile 1 represents the 20% with the lowest income, while 
quintile 5 represents the 20% with the highest income. This classifica
tion approach was adopted because it is widely used in social surveys 
conducted by the Chilean Ministry of Social Development and Family 
(CASEN, 2021). In addition, it has been employed to assess the envi
ronmental impacts in Santiago de Chile by López-Eccher et al. (2021). 

3.2.2. Food production and distribution 
The production stage was modeled using Ecoinvent 3.6 databases. 

Equivalent food information was used for foods not found in databases. 
For processed foods of animal origin, the meat with the highest content 
in the processed product was used as equivalent, while for dairy prod
ucts, milk or cream was used as equivalent (Arrieta and González, 2018). 

The distances traveled for food transport and distribution were 
determined based on information from the Chilean Office of Agricultural 
Studies and Policies (ODEPA, 2020). ODEPA has information on food 
production, geographical location, and destination (household, in
dustry, export). The quantity and origin of imported food were also 
obtained from the same information source. The destination point was 
taken as the center of each city for modeling national-origin food. The 
port or customs office of origin was taken as a reference for imported 
food. From this information, maritime transport was modeled. The 
vehicle was modeled with and without refrigeration according to food 
requirements using the transport database from Ecoinvent. Detailed 
transportation and distribution, export and import information was 
included in Supplementary Material B. 

To model food consumption at the national level, food produced in a 
region was considered consumed by the same region. The available food 
is exported to the nearest regions if production exceeds consumption. 
Conversely, if food production does not meet regional demand, available 
food from the closest regions will be imported. The amount available for 
distribution among the regions was determined through Equation (1). 
From this equation, the distances the foods traveled from their origin to 

Fig. 1. Methodological scheme of the life cycle assessment for household food consumption in Chilean cities.  
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the evaluated cities were estimated. 

FA : TP + IMP − (EXP+DFC+FCI) (Equation 1)  

where, 

FA: Food available for supplying other regions (kg/year) 
TP: Total production of food in the region (kg/year) 
IMP: Food imports to the region (kg/year) 
EXP: Food exports from the region (kg/year) 
DFC: Domestic food consumption in the region (kg/year) 
FCI: Industrial food consumption activity (kg/year) 

Fig. 2. System boundaries for the food life cycle assessment.  

Table 1 
Classification of food groups used in this study.  

Food classification Food 

Fruits Banana, apple, orange, strawberry, strawberry, cherry, 
raspberry, blueberry, mandarin, pear, grape, kiwi, peach, 
apricot, pineapple, melon, mango, grapefruit, tangelo 

Vegetables Carrot, corn, potato, onion, scallion, Italian squash, 
pumpkin, paprika, cabbage, cucumber, broccoli, 
cauliflower, celery, spinach, chard, lettuce, lemon, broad 
beans, avocado, tomato 

Cereals Rice, wheat flour, oatmeal, bread, noodles 
Legumes Beans, lentils, peas, chickpeas 
Red meat Beef, pork 
Poultry Chicken, turkey, eggs 
Dairy products Milk, yogurt, cheese, butter 
Animal processed 

products 
Ham, sausages, pate 

Fish and seafood Fish, seafood 
Oils Vegetable oil (marjoram and canola), olive oil 
Other processed 

products 
Sugar, tea, coffee, salt, ice-cream, ice-cream, delicatessen, 
tomato sauce, margarine, butter  

Table 2 
Distribution of inhabitants in quintiles according to household per capita income 
level.  

Quintile From (USD) To (USD) 

I 0 100 
II 101 160 
III 161 240 
IV 241 440 
V 441 –  
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The consumption of packaging materials was carried out according 
to Notarnicola et al. (2017). These authors provide packaging values by 
type of material and product packaged. Some of these data were 
modified according to national realities as product packaging varies 
from country to country. Additionally, plastic shopping bags were 
included only for certain foods (fruit, vegetables, and bread), as this is 
the usual way of transporting products in Chile by locals. 

The "Municipal solid waste {CH}| treatment of, sanitary landfill | 
Cut-off, U″ database of landfill waste from the Ecoinvent 3 database was 
used for the final disposal of materials and food. This database was 
modified according to the characteristics of the landfills in Chile. 

3.2.3. Sales and consumption 
The sales stage was carried out based on electricity consumption for 

refrigerated, frozen, and ambient food. The modeling included the 
consumption of refrigeration and freezing equipment, lighting, and ap
pliances to regulate the temperature of the sales areas. Thus, con
sumption indicators from the LCA food database (Nielsen et al., 2003) 
were used. The purchase of food in open-air markets did not include 
electricity consumption. 

The consumption stage was based on energy use for cooking and 
refrigeration. The energy consumption data were obtained through the 
field surveys mentioned in section 2.2.1. with the percentages of use of 
these energy sources provided by the report "Energy use in Chilean 
households" (CDT, 2019). This study provides data on using natural gas, 
liquefied petroleum gas, biomass, and electricity for cooking, as well as 
electricity consumption for food preservation in refrigerators and 
freezers. Detailed information on home cooking and cooling energy use 
was included in Supplementary Material C. 

The National Electric System (NES) and the Aysén Medium System 
were modeled using SimaPro 9.1 software. The NES electricity used in 
Iquique, Santiago, and Temuco was modeled similarly to that performed 
by Muñoz et al. (2017). The NES generation 2019 consisted of 27% 
hydroelectric, 36.8% coal, 18.3% natural gas, 2.5% biomass, 0.7% oil, 
6.2% wind, 8.2% solar, and 0.3% geothermal (CNE, 2020). The Aysén 
Medium System was used in Coyhaique, and 2019, its composition was 
47% hydroelectric, 45% diesel, and 8% wind (CNE, 2020). 

3.2.4. Food loss and waste 
FLW (Food loss and waste) in Iquique, Temuco, and Coyhaique was 

calculated based on FAO data (2019), which provides indicators ac
cording to the food group and life cycle stage where FLW is generated 
(Table 3). In Santiago, food waste was determined in the field by char
acterizing household solid waste. The characterization was carried out 
for 45 households, equivalent to 105 persons. The food loss and waste 
values for the cities and quintiles used in this study are presented in 
Table 4. 

For the final disposal of food waste, a landfill database was selected 
from Ecoinvent 3 and modified to adapt it to the local reality, as 
mentioned in the point of final disposal for commerce and consumption. 
Specifically, for FLW waste, a change in biogenic methane emissions 
from the landfill was made using the IPCC guidelines for greenhouse gas 
emissions. The emission factors used were 0.0498 kg CH4/kg FLW 
(IPCC, 2006). 

3.3. Environmental impact assessment 

The ReCiPe Midpoint (H) method was used to assess environmental 
impacts, focusing on selected impact categories critical to understanding 
the environmental footprint of food consumption. The environmental 
impact categories selected were global warming (kg CO2 eq), freshwater 
eutrophication (kg P eq), terrestrial acidification (kg SO2 eq), fossil 
resource scarcity (kg oil eq), terrestrial ecotoxicity (kg 1,4-DCB eq), 
freshwater ecotoxicity (kg 1,4-DCB eq) and land use (m2year), as iden
tified through comprehensive literature reviews indicating their signif
icance and prevalence in LCA studies of food systems (Batlle-Bayer et al., 
2020; Notarnicola et al., 2017). The modeling of the product system and 
the environmental impact assessment were carried out using SimaPro 
9.1 software. 

3.4. Geographic location and socioeconomic level of households 

The effect of geographic location and socioeconomic status of 
households on environmental impacts was analyzed. The environmental 
effect of transport and food distribution of food produced locally, in 
other regions, and imported from abroad was studied for the physical 
location. The difference in food consumption patterns according to the 
socioeconomic status of households was also analyzed. The latter was 
done in terms of quantity and type of food. The socioeconomic level of 
households was determined through the surveys indicated above. 

3.5. Sensitivity analysis and uncertainty considerations 

Given that the majority of our data were collected in the field, with a 
sample that assures the quality and certainty of the results, an uncer
tainty analysis was not initially incorporated into this study. Neverthe
less, data pertaining to transport, end-of-life waste treatment, as well as 
food losses and waste, were derived from estimations based on litera
ture. Based on preliminary environmental impact modeling, we recog
nized the significant role of food loss and waste. Consequently, a 

Table 3 
Percentage of food loss and waste by food groups and stage of the supply chain 
(FAO, 2019).  

Food loss and waste by food group 

Fruit and vegetables 55% 
Roots and tubers 40% 
Fish and seafood 35% 
Cereals 25% 
Pulses and oilseeds 20% 
Meat 20% 
Dairy products 20% 
Other 14%  

Food loss and waste by stage of the supply chain 

Production 28% 
Handling and storage 22% 
Processing 6% 
Distribution and markets 17% 
Consumption 27%  

Table 4 
Food loss and waste by city and quintile (modified based on FAO (2019) and 
waste characterization in households in Santiago).  

Quintile I II III IV V 

Iquique Food loss (%) 58 54 52 54 59 
Food waste 
(%) 

42 46 48 46 41 

Total (kg/inh/ 
year) 

171.80 210.02 221.79 279.03 294.65 

Santiago Food loss (%) 54 59 59 56 57 
Food waste 
(%) 

46 41 41 44 43 

Total (kg/inh/ 
year) 

148.38 244.58 273.76 290.95 275.36 

Temuco Food loss (%) 58 57 57 56 59 
Food waste 
(%) 

42 43 43 44 41 

Total (kg/inh/ 
year) 

171.20 224.80 253.69 291.77 292.03 

Coyhaique Food loss (%) 62 59 61 58 63 
Food waste 
(%) 

38 41 39 42 37 

Total (kg/inh/ 
year) 

171.80 210.02 221.79 279.03 294.65  
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sensitivity analysis was integrated into the LCA methodology to quantify 
the influence of FLW on various environmental impact categories. Pa
rameters within this analysis were adjusted to reflect a realistic spectrum 
of FLW variability, and the environmental impacts were assessed across 
a range of scenarios. The analysis accounted for FLW variations ranging 
from 0% to 50%. 

4. Results 

4.1. Food consumption 

The synthesis of inventory data associated with food consumption in 
households in Iquique, Santiago, Temuco, and Coyhaique is presented in 
Table 5. As shown in Table 6, Coyhaique has the highest total food 
consumption and the highest consumption of red meat, dairy products, 
and cereals. In contrast, Santiago has the lowest food consumption. 

In households with higher economic incomes (quintiles IV and V), 
higher consumption of foods of animal origin corresponding to red meat, 
poultry, dairy, and fish were observed, which may be related to the 
higher cost of these foods. Another group of foods, such as vegetables, 
cereals, processed foods of animal origin, legumes, oils, and processed 
foods, does not present a correlation associated with income quintiles, 
which is related to their greater accessibility in markets and lower sales 
prices. 

4.2. Environmental effects of geographic location and income level 

Table 6 presents the results of the environmental impact assessment 
for each city and income quintile. This table highlights the results with 
the most significant impact in darker colors. Coyhaique has the most 
significant environmental impacts in all the categories evaluated due to 
its geographic location, as Coyhaique is a city in southern Chile. This 
geographical area consumes more food than the rest of the country, 
especially red meat (Table 6). 

As seen in Table 6, there is a tendency for the environmental impacts 
of the cities to increase as income level increases (IV and V quintile). 
This tendency is more symmetrical in Temuco. This trend is strongly 
influenced by specific food groups that affect the results, mainly asso
ciated with the higher consumption rate of red meat in the IV and V 
quintiles. 

For global warming and land acidification, the highest income 
quintiles, IV and V, present the most significant environmental impacts, 
mainly due to the higher consumption of red meat, poultry, and dairy 
products (Table 5). In the case of global warming, the impacts in the 

highest quintiles can be up to 2.2 times greater than in the lowest 
quintiles, while in acidification, this difference can reach 2.3 times. In 
the category of freshwater eutrophication, the highest income quintiles 
can double the environmental impacts of the lowest quintiles (I and II), 
mainly due to higher consumption of red meat and dairy products. In 
terrestrial ecotoxicity and freshwater ecotoxicity, households in higher- 
income quintiles (IV and V) are observed to have higher environmental 
impacts due to higher consumption of fruits and vegetables. Santiago is 
the exception in these impact categories, with a more significant effect in 
quintile III due to higher vegetable consumption. Regarding land use 
and scarcity of fossil resources, quintiles IV and V generate higher 
environmental impacts in all the cities evaluated, mainly due to higher 
consumption of red meat, dairy products, vegetables, and cereals. 

4.2.1. Environmental hotspot analysis 
In Fig. 3, it is possible to observe the main environmental hotspots of 

the life cycle of diets of the cities analyzed in Chile. The production 
stage, followed by food loss and waste, is the leading environmental 
hotspot in all the impact categories assessed. Thus, food production 
accounts for between 45% and 60% of the impacts in the categories of 
global warming, terrestrial ecotoxicity, and fossil resource scarcity; be
tween 74 and 78% in the categories of terrestrial acidification, fresh
water eutrophication, and land use; and between 68 and 71% in water 
ecotoxicity. 

The second most important environmental hotspot is food loss and 
waste (FLW). Food loss occurs between the production and distribution 
stages, while waste occurs between the sale and household consumption 
stages (FAO, 2019). The environmental impacts of FLW include all those 
generated in the life cycle of food, from the production stage to the final 
stage, where loss or waste is generated. Consequently, the character
izations of household solid waste carried out in the cities of the study 
showed that up to 37% could occur in the consumption stage (Table 4), a 
high result considering that FAO (2019) estimates 27% in this stage of 
the life cycle. 

On the other hand, it is noteworthy that the consumption stage is an 
environmental hotspot for fossil resource scarcity, with 14–23% of the 
contribution (Fig. 3). This is due to using cooking fuels such as natural 
gas, liquefied petroleum gas, and electricity. In addition, electricity is 
used for food preservation in refrigerators and freezers. The transport 
stage has a low contribution to environmental impacts. However, the 
terrestrial ecotoxicity category represents between 18% and 11% of the 
contribution in the cities of Iquique and Coyhaique, respectively. Both 
cities are at the country’s northern (Iquique) and southern (Coyhaique) 
extremes. Therefore, food must travel longer distances, increasing the 

Table 5 
Household food consumption by city and economic income level (values expressed in kg/inh/yr). 
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impacts on terrestrial ecotoxicity. 4.3. Environmental hotspot by food type 

4.3.1. Production stage 
Fig. 4 shows the contribution analysis for the food production stage. 

It shows that red meat is the leading environmental hotspot for global 

Table 6 
Environmental impacts of each city according to income quintiles. The shade of each color indicates the intensity of the environmental impact, that is, from the 
lightest (lowest impact) to the darkest (highest impact). 

Fig. 3. Contribution analysis by life cycle stage of food associated with each city’s consumption.  
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warming (44%), terrestrial acidification (56%), freshwater eutrophica
tion (50%) land use (35%), and fossil resource scarcity (30%). Methane 
emissions from enteric fermentation in livestock represent the primary 
environmental hotspot of global warming, while ammonia emissions 
from manure lead to eutrophication. Phosphorus in manure also impacts 
freshwater eutrophication due to runoff, infiltration, and percolation on 
farms, which affects water quality (EPA, 2000). Cereals are the primary 
environmental hotspot in terrestrial ecotoxicity (30%) and the second 
most important in freshwater eutrophication (27%) and land use (18%). 
Vegetables are the primary environmental hotspot in freshwater eco
toxicity, with 18% of the impact, and second in terrestrial ecotoxicity, 
with 24%. Dairy represents the second largest environmental burden 
contributor in the impact categories of global warming (16%) and 
terrestrial acidification (17%) and the third most significant contributor 
in land use (18%), freshwater eutrophication (11%), and terrestrial 
ecotoxicity (12%). 

It is essential to highlight that the red meat, dairy, and poultry groups 
account for 60–85% of the impact on global warming, terrestrial acidi
fication, freshwater eutrophication, land use, and fossil resource scarcity 
categories. On the other hand, the plant-based food groups vegetables, 
fruits, cereals, and legumes account for between 50% and 70% of the 
environmental impacts in terrestrial ecotoxicity and freshwater 
ecotoxicity. 

4.3.2. Food loss and waste 
The impacts of FLW consider all stages of the life cycle of food, from 

the production stage to where loss or waste occurs, plus the end-of-life 
stages (landfill or valorization). In this sense, the main environmental 
hotspots of FLW coincide with those observed in the food life cycle, with 
the production stage contributing the most significant environmental 

burden and meat being the primary environmental hotspot. However, 
the contribution of the red meat is different in the FLW. Red meat 
accounted for between 43% and 52% of the impact of global warming in 
the food life cycle, while in the FLW, its contribution was between 34% 
and 44%. These differences are mainly associated with the food disposal 
phase due to landfill emissions, especially methane emissions. On the 
other hand, foods of plant origin (vegetables, fruits, cereals, and le
gumes) increase their environmental contribution by between 10% and 
20% when the FLW is analyzed. The latter is because the food of plant 
origin presents greater FLW than the food of animal origin. Accordingly, 
a diet based on plant-based foods and low in meat will increase the FLW 
and, therefore, the associated environmental impacts. 

Fig. 5 depicts the sensitivity analysis of generation at FLW and its 
effect on the environmental impact categories. Global warming, fol
lowed by freshwater ecotoxicity and terrestrial ecotoxicity, are the 
categories that experience the most significant increase in their contri
bution to the environmental impacts of the food life cycle as FLW in
creases. On the other hand, freshwater eutrophication, terrestrial 
acidification, land use, and fossil resource scarcity are the categories 
that exhibit lower contributions as FLW increases. Terrestrial ecotoxicity 
and freshwater ecotoxicity are primarily influenced by fruits, vegeta
bles, and cereals, which contribute the most significant environmental 
burden to these categories. 

4.4. Research summary 

This study conducted a detailed LCA to understand the environ
mental impacts of dietary patterns across four distinct Chilean cities, 
highlighting the influence of socioeconomic levels on food consumption 
and its subsequent environmental footprint. Data from 523 household 

Fig. 4. Contribution analysis of the food production stage in Iquique, Santiago, Temuco, and Coyhaique.  
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surveys across these cities, secondary data, and the Ecoinvent database 
were integrated. The findings reveal that higher income levels are 
associated with greater environmental impacts, primarily due to 
increased consumption of red meat, dairy, and processed foods. 
Importantly, our study highlights the significant role of meat con
sumption in driving global warming, terrestrial acidification, and 
freshwater eutrophication while also revealing the notable ecotoxicity 
impacts of plant-based foods. This challenges the current dietary rec
ommendations focusing mainly on global warming, advocating for a 
more comprehensive environmental perspective in dietary guidance. 

The production stage emerges as the principal environmental hot
spot across all impact categories. Additionally, FLW represents sub
stantial inefficiencies within the food system. Geographical variation 
influences food availability and consumption patterns, underscoring the 
importance of localized strategies to address environmental impacts. 
This study advocates for a holistic approach to food system sustain
ability, emphasizing the need for integrated strategies that consider 
production efficiency, consumption patterns, and waste reduction to 
mitigate environmental impacts across the life cycle of food 
consumption. 

The conceptual model derived from this research delineates the re
lationships between household income levels, dietary patterns, and 
environmental impacts within urban contexts. It highlights food pro
duction is the leading environmental hotspot in all impact categories 
evaluated. The model posits that income level correlates with food 
consumption volume and variety, which affects the magnitude of envi
ronmental impact. Geographical variations modulate these relationships 
through the availability and type of food consumed, suggesting a spatial 
dimension to dietary environmental impacts. This model underscores 
the need for targeted interventions encompassing circular economy 
principles and waste reduction to mitigate the environmental footprint 
of urban food consumption. 

5. Discussion 

Coyhaique was the city that exhibited the highest food consumption, 
particularly of red meat, dairy products, and cereals, as has been re
ported in the national food consumption survey by the Chilean Ministry 
of Health (ENCA, 2017). Conversely, Santiago showed the lowest food 
consumption rates, which may be related to a dynamic of consumption 
outside the home or fast food, a frequent situation observed in capitals 
and large cities (ENCA, 2017). The difference in food consumption not 
only varies based on the geographic location of the cities but also due to 
the economic income levels of households. Another important difference 
can be associated with personal behavior. In this sense, culture plays a 
pivotal role in determining what and how people consume food. Cultural 
influences are shaped by beliefs, customs, attitudes, and geographic 
locations, among others (Salazar-Ordóñez et al., 2018). Economic in
come levels influence the type and quantity of food consumed and, 
therefore, their potential environmental impacts. This has been reported 
by Vázquez-Rowe et al., (2017) who demonstrated that GHG emissions 
per economic income show a very strong correlation between higher 
economic standards and higher GHG emissions associated with the 
average diet, a trend equivalent to that obtained in our study. In this 
sense, households with higher economic incomes have greater food 
consumption and more significant environmental impacts. In this 
respect, global, regional, and national food consumption patterns 
exhibit differences, and can further vary based on household size, 
composition, age, gender, educational level, and income (Biresselioglu 
et al., 2023). 

Regarding environmental impacts, it was determined that the pro
duction stage, followed by food loss and waste, represents the main 
environmental hotspots in all the impact categories evaluated. In the 
production stage, the environmental impacts are related to multiple 
factors that have been highlighted by several authors, such as energy 

Fig. 5. Sensitivity analysis of the percentage variation of food loss and waste on food life cycle environmental impacts.  
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