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ABSTRACT

BACKGROUND/OBJECTIVES: This study aimed to analyze the potential of school meals in 
South Korea as a sustainable tool to reduce carbon emissions by focusing on animal- vs. 
plant-based protein foods.
MATERIALS/METHODS: By using a stratified proportional allocation method, 536 out of the 
11,082 schools nationwide were selected including 21 kindergartens, 287 elementary-, 120 
middle- and 108 high schools. A total of 2,680 meals served for 5 consecutive days (June 
21–25, 2021) were collected. We analyzed the average serving amounts of protein foods 
(animal- vs. plant-based) per meal and then, calculated the estimated average amounts of 
carbon emission equivalents per meal by applying the conversion coefficients. The t-test and 
analysis of variance were used for statistical analyses (α = 0.05).
RESULTS: The average serving amount of animal-based protein foods per meal was 12.5 g, 
which was approximately 3 times higher than that of plant-based ones (3.8 g) (P < 0.001); the 
Meat-group had the highest average amount of 17.0 g, followed by Egg-group (9.6 g), Fish-
group (7.6 g), and Beans-and-Nuts-group (3.8 g) (P < 0.05). Specifically, pork (25.1 g) was 
ranked first, followed by poultry (19.6 g), processed meat products (18.0 g). The estimated 
average amount of carbon emission equivalents of animal-based protein foods per meal was 
80.1 g CO2e, which was approximately 31 times higher than that of plant-based ones (2.6 g 
CO2e) (P < 0.001); the Meat-group had the highest average amount of 120.3 g CO2e, followed 
by Fish-group (44.5 g CO2e), Egg-group (25.9 g CO2e), and Beans-and-Nuts-group (2.6 g 
CO2e) (P < 0.05). Specifically, processed meat products (270.8 g CO2e) were ranked first, 
followed by pork (91.7 g CO2e), and processed fish products (86.6 g CO2e).
CONCLUSIONS: The results implied that school meals with plant-based alternatives could be 
a sustainable tool to improve carbon footprint.

Keywords: School lunches; protein sources; sustainable diets; plant-based diets;  
climate change

INTRODUCTION

In response to climate change, worldwide efforts are being made to reduce carbon emissions 
through various means and avenues. Notably, one-third of global greenhouse gas (GHG) 
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emissions are generated from food production to consumption [1,2]. Consequently, 
achieving sustainable food systems has garnered significant interest.

A considerable portion of these GHG emissions, in particular, is related to livestock farming 
and consumption. The Food and Agriculture Organization of the United Nations has also 
pointed out that livestock is a significant contributor to GHG emissions, which lead to global 
warming [3]. Furthermore, Smith et al. [4] highlighted that globally, agriculture-related GHG 
emissions are dominated by livestock, which is a primary source of methane and nitrous oxide.

Despite projections that methane emissions from livestock will increase by an estimated 
60% by 2030 [4], it is expected that livestock farming will increase by approximately 70% 
by 2050, owing to the growing demand for meat, a typical animal-based protein food [5]. 
However, there are concerns that such a diet, which is primarily animal-based and low in 
fruits and vegetables, is consistently identified as a major contributor to GHG emissions and 
an increased risk of obesity and chronic diseases [6,7].

Springmann et al. [8] have demonstrated that transitioning from animal-based to plant-based 
diets could potentially reduce global food-related GHG emissions by approximately 70% by 
2050. Hence, there is a growing emphasis on adopting plant-based diets that can contribute 
to human and planetary health, both in individual diets and public food services. Particularly, 
school meals, which can be provided to all children and represent a significant portion of 
their dietary intake during critical periods of growth, have been identified as a potentially 
useful tool to address health and sustainability issues [9]. Therefore, introducing low-carbon 
school meals, which consist of environmentally sustainable and nutritious alternatives, to 
children presents an excellent opportunity to foster lifelong eating habits for human and 
planetary health.

As a result, recent studies on low-carbon school meals have been conducted worldwide, 
which focused on various aspects related to the environmental and nutritional benefits of 
low-carbon school meals [10]; the successful implementation of climate-friendly, nutritious, 
and acceptable school meals in practice [11,12]; and the promotion of sustainable school 
meals [13]. However, no similar studies have been reported in South Korea, whilst most 
have focused on menu preferences for or customer satisfaction with vegetarian meals as an 
extension of low-carbon school meals [14-17].

Therefore, this study, as a first attempt in South Korea, aimed to compare and analyze the 
current status of providing animal- and plant-based protein foods for school meals, and to 
identify the potential of school meals as a sustainable tool for reducing carbon emissions. The 
results of this study, based on scientific evidence, will serve as basic data for the establishment 
of relevant policies for the introduction and implementation of low-carbon school meals in 
South Korea, and to draw social consensus on their urgent need and importance.

MATERIALS AND METHODS

Data collection
The stratified proportional allocation method was employed to select 550 schools in South 
Korea. These schools represent approximately 5% of the 11,082 schools nationwide that use 
the ‘NEIS’ School Lunch System. The selection process considered the school types, regional 
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distributions, and meal types. Data from 536 eligible schools, including 21 kindergartens 
(3.9%), 287 elementary schools (53.5%), 120 middle schools (22.4%), and 108 high schools 
(20.1%), were collected for analyses. Urban schools accounted for 66.8%, while rural and 
remote schools accounted for 29.3% and 3.9%, respectively.

Data analyses
Classification of protein foods (animal- vs. plant-based) per meal
Among the various types of foods provided in school meals, protein foods were selected and 
classified as animal- and plant-based protein foods. The 2020 Korean dietary reference intake 
guidelines [18] were utilized to classify these protein foods into different food groups and sub-
food groups. Animal-based protein foods were divided into Meat, Fish, and Egg groups, with 
further sub-categorization of the ‘Meat’ group into beef, pork, poultry, and processed meat 
products. The ‘Fish’ group was sub-divided into fish, shellfish, and processed fish products. In 
contrast, plant-based protein foods were all classified into the ‘Beans-and-Nuts-group’ group, 
which was further sub-categorized into beans, processed bean products, and nuts.

When the amount of each protein food was unknown, as school meals were identified only 
by the name of the menu, estimations were made using the corresponding food recipes from 
CAN-Pro 5.0. This database, developed by the Korean Nutrition Information Center, consists 
of food recipes and nutritional information used for menu planning.

Average serving frequency and amount of protein foods (animal- vs. plant-based) per meal
We investigated 1) the average serving frequency and 2) the average serving amount of protein 
foods (animal- vs. plant-based) per meal. The serving frequency and amount of each protein 
food per meal were calculated, summed, and then divided by the total number of meals to 
obtain the averages, respectively. They were then further analyzed according to subsequent 
food- and sub-food groups.

Estimated average amount of carbon emission equivalents of protein foods (animal- vs. 
plant-based) per meal
The estimated average amount of carbon emission equivalents of protein foods (animal- vs. 
plant-based) were calculated by referring to the mean data points of GHG emissions from 
representative food products (kg CO2e/kg of product), which were suggested by Ferrari et al. 
[19]. In this study, more than 50 scientific articles were considered to extract GHG emission 
values for each of the representative food products.

Specifically, the mean data points of the representative food products, which were partly 
identical to or similar to those of the protein foods in our study, were used to calculate the 
estimated conversion coefficients for the carbon emission contribution of each protein food 
(Table 1). Subsequently, we used these estimated conversion coefficients to investigate the 
estimated average amounts of carbon emission equivalents for protein foods (animal- vs. 
plant-based) per meal. We further analyzed these carbon emission equivalents for subsequent 
food- and sub-food groups.

Statistical analyses
An independent t-test was conducted to analyze the differences between protein foods 
(animal- vs. plant-based). Furthermore, the differences between the subsequent food- and 
sub-food groups were analyzed using analysis of variance with Duncan’s post-hoc test. For all 
statistical analyses, SPSS was used, with a significance level of 0.05.
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RESULTS

General characteristics of school meals
In total, 2,680 meals were served over 5 consecutive days (from June 21 to June 25, 2021) in 
the 536 eligible schools (Table 2). Among the different menus comprising these meals, 4,668 
menus included protein foods. Furthermore, the serving frequency of the different protein 
foods in these menus totaled 12,395, with animal- and plant-based protein foods accounting 
for 87.4% and 12.6%, respectively.
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Table 1. The estimated conversion coefficients for the carbon emission contribution of protein foods
Classification Estimated conversion 

coefficients  
(kg CO2e/kg of product)

Category/sub-category1) Food items consumed1) Representative food 
product1)

Mean of data points 
(kg CO2e/kg of 

product)1)

Animal-based protein foods
Meat

Beef 15.45 Meat, meat products and 
substitutes/beef & veal, not 
preserved, excl. offal

Beef, veal, industrial meat sauce Beef 15.45

Pork 3.65 Meat, meat products and 
substitutes/pork, not 
preserved, excl. offal

Pork meat, pork meat roasted 
(porchetta), foot pork raw, excl. 
offal

Pork 3.65

Poultry 1.88 Meat, meat products and 
substitutes/poultry and game, 
not preserved, excl. offal

Pheasant, chicken, roast chicken, 
goose, quail, turkey, ostrich, 
incl. offal

Poultry 1.88

Processed meat 
products

15.03 Meat, meat products and 
substitutes/processed meat

Ham, salami, sausages and other 
preserved meats, excl. offal

Processed meat 15.03

Fish
Fish 2.672) Fish and seafood/fish, fresh All other types of fresh fish (fresh 

or frozen or preserved)
Small pelagics 2.27

Cod 3.10
Salmon 3.03

Ground fish 2.27
Shellfish 4.853) Fish and seafood/crustaceans, 

shellfish, mussels
All types of fish, molluscs, 
crustaceans, raw (fresh or frozen 
or preserved) and fish fingers

Shrimps 3.00
Mussels 6.70

Processed fish 
products

8.084) Fish and seafood/fish, fresh All other types of fresh fish (fresh 
or frozen or preserved)

Mean of small pelagics, 
Cod, Salmon, and Ground 

fish

2.67

Fish and seafood/crustaceans, 
shellfish, mussels

All types of fish, molluscs, 
crustaceans, raw (fresh or frozen 
or preserved) and fish fingers

Mean of shrimps and 
mussels

4.85

Egg
Egg 2.70 Eggs / Eggs All types of eggs (chicken, duck, 

ostrich, etc.) excl. fish egg
Egg 2.70

Plant-based protein foods
Beans-and-Nuts

Bean 0.645) Pulses/pulses, fresh or 
processed

All types of pulses (fresh and 
processed): lentils, peas, 
chickpeas, all types of beans 
excl. green beans, soybeans

Green bean 0.78
Dried legumes 0.50

Processed bean 
products

0.644) Pulses/pulses, fresh or 
processed

All types of pulses (fresh and 
processed): lentils, peas, 
chickpeas, all types of beans 
excl. green beans, soybeans

Green bean 0.78
Dried legumes 0.50

Nuts 1.79 Fruit/nuts, seeds, dried fruit, 
olives and their products

Nuts roasted, dried, in powder 
or in puree (almond, chestnut, 
walnut, coconut, pine nut, 
peanut, pistachio), seeds 
(pumpkin seed), olives

Walnut, hazelnut 1.79

1)Sauce: Ferrari et al. (2020) [19].
2)Mean of small pelagics, cod, salmon, and ground fish.
3)Mean of shrimps and mussels.
4)2.15 [ratio of processed meat products for meat (mean of beef, pork, and poultry)] × fish (mean of fish and shellfish).
5)Mean of green bean and dried legumes.



Average serving frequency of protein foods (animal- vs. plant-based) per meal
Tables 3 and 4 show the average serving frequencies of the different protein foods (animal- 
vs. plant-based) per meal by food and sub-food groups. The average serving frequency of 
animal-based protein foods per meal was 0.51, which was approximately 2.7 times higher 
than that of plant-based protein foods (0.19) (P < 0.001). When categorized by food groups, 
the Fish-group (0.65) had the highest serving frequency, followed by the Egg-group (0.47), 
Meat-group (0.41), and Beans-and-Nuts-group (0.19) (P < 0.05). A closer examination of 
the Meat group showed that the average serving frequency of pork (0.57) was significantly 
higher than that of processed meat products (0.45), poultry (0.31), and beef (0.30) (P < 0.05). 
The Fish group had a higher serving frequency of processed fish products (1.21) > shellfish 
(0.60) > and fish (0.13) (P < 0.05), while the Legume group had a higher serving frequency of 
processed bean products (0.37) > nuts (0.14) > and beans (0.08) (P < 0.05).

Average serving amount of protein foods (animal- vs. plant-based) per meal
Tables 5 and 6 show the average serving amount of different protein foods (animal- vs. plant-
based) per meal by food and sub-food groups. The average serving amount of animal-based 
protein foods per meal was 12.5 g, which was approximately 3 times higher than that of plant-
based protein foods (3.8 g) (P < 0.001). By food group, the Meat-group (17.0 g) was ranked 
highest, followed by the Egg-group (9.6 g), Fish-group (7.6 g), and Beans-and-Nuts-group 
(3.8 g) (P < 0.05).

Specifically, the Meat-group had an average serving amount of pork (25.1 g), followed by 
poultry (19.6 g), processed meat products (18.0 g), > and beef (5.3 g) (P < 0.05). For the Fish-
group, processed fish products had the highest average serving amount (10.7 g), followed by 
shellfish (6.8 g) > and fish (5.2 g) (P < 0.05). For the Beans-and-Nuts-group, processed bean 
products had the highest average serving amount (10.4 g), followed by beans (0.5 g) and nuts 
(0.4 g) (P < 0.05).
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Table 2. General characteristics of school meals
Classification Kindergarten  

(n = 21)
Elementary school  

(n = 287)
Middle school  

(n = 120)
High school  

(n = 108)
Total  

(n = 536)
Number of meals provided 105 (3.9) 1,435 (53.5) 600 (22.4) 540 (20.1) 2,680 (100.0)
Number of menus with protein foods included in meals 149 (3.2) 2,430 (52.1) 1,091 (23.4) 998 (21.4) 4,668 (100.0)
Serving frequency of the different protein foods 
included in menus

444 (100.0) 6,635 (100.0) 2,786 (100.0) 2,530 (100.0) 12,395 (100.0)

Animal-based protein foods 388 (87.4) 5,770 (87.0) 2,440 (87.6) 2,234 (88.3) 10,832 (87.4)
Meat 142 (32.0) 2,241 (33.8) 1,008 (36.2) 985 (38.9) 4,376 (35.3)

Beef 45 (10.1) 518 (7.8) 143 (5.1) 108 (4.3) 814 (6.6)
Pork 36 (8.1) 764 (11.5) 357 (12.8) 380 (15.0) 1,537 (12.4)
Poultry 27 (6.1) 433 (6.5) 186 (6.7) 182 (7.2) 828 (6.7)
Processed meat products 34 (7.7) 526 (7.9) 322 (11.6) 315 (12.5) 1,197 (9.7)

Fish 204 (45.9) 2,872 (43.3) 1,130 (40.6) 1,000 (39.5) 5,206 (42.0)
Fish 19 (4.3) 193 (2.9) 79 (2.8) 67 (2.6) 358 (2.9)
Shellfish 66 (14.9) 890 (13.4) 338 (12.1) 312 (12.3) 1,606 (13.0)
Processed fish products 119 (26.8) 1,789 (27.0) 713 (25.6) 621 (24.5) 3,242 (26.2)

Egg 42 (9.5) 657 (9.9) 302 (10.8) 249 (9.8) 1,250 (10.1)
Egg 42 (9.5) 657 (9.9) 302 (10.8) 249 (9.8) 1,250 (10.1)

Plant-based protein foods 56 (12.6) 865 (13.0) 346 (12.4) 296 (11.7) 1,563 (12.6)
Beans-and-Nuts 56 (12.6) 865 (13.0) 346 (12.4) 296 (11.7) 1,563 (12.6)

Bean 5 (1.1) 118 (1.8) 52 (1.9) 33 (1.3) 208 (1.7)
Processed bean products 39 (8.8) 524 (7.9) 220 (7.9) 201 (7.9) 984 (7.9)
Nuts 12 (2.7) 223 (3.4) 74 (2.7) 62 (2.5) 371 (3.0)

Values are presented as frequency, n (%), (per week).
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Estimated average amount of carbon emission equivalents of protein foods 
(animal- vs. plant-based) per meal
Tables 7 and 8 show the estimated average amounts of carbon emission equivalents of protein 
foods (animal-vs. plant-based) per meal by food and sub-food groups. According to the 
application of conversion coefficients for the carbon emission contribution of each protein 
food, animal-based protein foods were estimated to produce an average amount of 80.1 g 
CO2e per meal, which was approximately 31 times higher than that of plant-based ones (2.6 g 
CO2e) (P < 0.001). Based on food groups, the Meat-group had the highest average amount of 
120.3 g CO2e, followed by the Fish-group (44.5 g CO2e), the Egg-group (25.9 g CO2e), and the 
Beans-and-Nuts-group (2.6 g CO2e) (P < 0.05).

A detailed analysis revealed that within the Meat group, processed meat products had the 
highest estimated average amount of carbon emission equivalents (270.8 g CO2e), followed 
by pork (91.7 g CO2e), beef (81.6 g CO2e), > and poultry (36.8 g CO2e) (P < 0.05). Similarly, 
within the Fish-group, processed fish products had the highest estimated average amount 
of carbon emission equivalents (86.6 g CO2e), followed by shellfish (32.9 g CO2e) > and fish 
(14.0 g CO2e) (P < 0.05). For the Beans-and-Nuts-group, processed bean products had the 
highest estimated average amounts of carbon emission equivalents (6.6 g CO2e), followed by 
nuts (0.8 g CO2e) > and beans (0.3 g CO2e) (P < 0.05).

Finally, Fig. 1 shows the average serving amounts and estimated average amounts of carbon 
emission equivalents of protein foods (animal- vs. plant-based) per meal.

DISCUSSION

This study aimed to compare and analyze the current status of providing animal- and plant-
based protein foods for school meals and to identify the potential for reducing carbon 
emissions from school meals in South Korea.

The protein foods with the lowest average serving frequency and amount per meal were in the 
plant-based ‘Beans-and-Nuts-group’. In contrast, the Fish and Meat groups, which were all 
animal-based protein foods, had the highest average serving frequencies and amounts. Apart 
from the serving amount, the highest serving frequency of the Fish-group is presumed to be 
due to the frequent use of dried anchovies for the broth of a soup served at almost every Korean 
school meal. Dried anchovies are commonly included in soup recipe but in small quantities.

The average serving amount of animal-based protein foods per meal was 12.5 g, which was 
more than 3 times higher than that of plant-based ones (3.8 g). Upon applying the conversion 
coefficients for the carbon emission contribution of each protein food, this difference was 
further amplified. This highlighted that the estimated average amount of carbon emission 
equivalents from animal-based protein foods per meal was 80.1 g CO2e, approximately 31 
times higher than that of plant-based protein foods (2.6 g CO2e). The top 5 protein foods with 
the highest estimated average carbon emission equivalents were all animal-based protein 
foods, namely processed meat products, pork, processed fish products, beef, and poultry. 
Notably, processed meat and fish products, which ranked first and third, respectively, were 
ultra-processed foods such as ham, sausage, bacon, fish cake, crab meat, and squid balls. In 
addition, pork and beef, which ranked second and fourth, respectively, were typical red meats.
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Previous studies have consistently reported that plant-based diets are more environmentally 
friendly than animal-based diets [20,21]. This is supported by the fact that the estimated 
conversion coefficients for carbon emissions of each protein food in this study were arranged 
in descending order as follows: beef, processed meat products, processed fish products, 
shellfish, pork, fish, eggs, poultry, nuts, beans, and processed bean products. Therefore, 
replacing animal-based protein foods with plant-based alternatives could significantly reduce 
carbon emissions [7,22-26]. Reducing the consumption of ultra-processed foods and red 
meat, particularly, could be beneficial in this regard [27,28]. The EAT-Lancet Commission [7] 
has reported that if the world's diets shift toward plant-based diets, based on an increase in 
the consumption of vegetables, fruits, whole grains, legumes, and nuts, and a decrease in the 
consumption of red meat, sugar, and refined grains, GHG emissions could be substantially 
reduced by up to 80% by 2050.

There are concerns that plant-based diets may result in nutritional deficiencies and health 
issues. However, previous research has demonstrated that appropriately planned plant-based 
diets can positively impact health and protect against chronic illnesses such as obesity [29], 
heart disease [30,31], diabetes [30,32], and certain cancers [30,33,34]. In addition, earlier 
studies have consistently reported that an excessive intake of animal-based protein foods can 
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have a negative effect on health and is related to the development of various diseases, including 
type 2 diabetes [35,36], metabolic syndrome [37], and breast cancer [38]. Furthermore, a diet 
high in red meat is associated with an increased risk of cardiovascular disease [39].

Moreover, a recent study conducted in South Korea found that the protein intake among 
preschoolers (3–5 yrs), school-aged children (6–11 yrs), and adolescents (12–18 yrs) exceeded 
the recommended intake by 228.6%, 179.9%, and 145.1%, respectively [40], which is higher 
than the corresponding rate of the general population (144%) [41]. The Korea Rural Economic 
Institute [42] reported that as of 2022, meat consumption in South Korea has surpassed that 
of rice, a staple food, for the first time. The average per capita consumption of pork, beef, and 
chicken is projected to be 58.4 kg in 2022, a 74% increase from 33.5 kg in 2002, with an annual 
average growth rate of 2.8%. Similarly, according to a study by the GBD 2017 Diet Collaborators 
[43], the global consumption of animal-based protein foods exceeded optimal levels, with 
processed meat products and red meat consumption surpassing optimal levels by 90% and 
18%, respectively. In contrast, the consumption of plant-based protein foods (legumes, nuts, 
seeds, and whole grains) did not even reach the optimal levels.

A growing number of studies on low-carbon school meals and their implementation have 
been conducted in Western countries, especially in Europe [10-13,44,45]. However, in South 
Korea, policy and scholarly interest in this topic has only increased in the last year or two. 
Currently, it is recommended that low-carbon school meals should only be provided 1–2 times 
a month at the metropolitan or provincial level of education [14,16]. The actual provision of 
low-carbon school meals on site barely meets this recommendation.

In order to promote the wider adoption of low-carbon school meals in the future, it will 
be utmost important to plan and provide these meals more regularly and systematically. 
Simultaneously, efforts to change the perceptions of students who benefit from school meals 
should also be emphasized. Park [16] conducted a survey of school dietitians (teachers) in 
the Seoul area and revealed that changing student perceptions was cited as a major obstacle 
(45.8%) to implementation and acceptance of low-carbon meals. Moreover, there appears 
to be a lack of on-site education regarding low-carbon school meals. Kang [14] found that 
60.8% of upper elementary school students in Jeju had never received education on low-
carbon school meals, and Park [16] reported that 39.4% of school dietitians (teachers) had no 
experience in providing such education to students.

Fortunately, there is a movement to promote low-carbon school meals as an extension of 
food ecological transformation education, which involves learning and practicing food 
consumption in response to the climate crisis [46]. In food ecological transformation 
education, it is crucial to change students' perceptions on low-carbon school meals; 
they should clearly understand that low-carbon school meals, as defined by the EAT-
Lancet Commission, do not consist entirely of vegetables but instead involve restraining 
from animal-based protein foods and replacing them with more sustainable plant-based 
alternatives that can contribute to human and planetary health. This importance is illustrated 
by the fact that low-carbon school meals were once misconstrued as a diet solely composed 
of vegetables that excluded animal-based protein foods, leading to strong opposition from 
parents and students.

This study holds significance as it marks the first attempt to compare and analyze the 
current status of the estimated carbon emissions of protein foods, distinguishing between 
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animal- and plant-based options, served in school meals in South Korea. The results imply 
that school meals in South Korea could be a sustainable tool to improve carbon footprints, 
provided that they are appropriately redesigned to replace animal-based protein foods with 
plant-based alternatives. However, the conversion coefficients, which were used to estimate 
the carbon emission equivalents in this study, were not derived in consideration of domestic 
circumstances. Therefore, caution must be applied in interpreting the study results, by 
understanding the relative magnitude of such differences in the estimated carbon emissions 
of protein foods. To fill this gap, future research should focus on developing a database 
of carbon emissions for each major food based on life cycle assessment, and domestic 
conditions should be factored in.
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