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A B S T R A C T

Reducing food waste can contribute positively towards multiple sustainable development goals (SDGs) but the
differences in the food waste across countries in terms of embedded nutrients and environmental impacts is not
well-known. Here we assess the value of daily per capita food waste of 151 countries using two recent indicators
for embedded nutrition losses (wasted nutrient days and wasted daily diets) and five indicators for environ-
mental impacts. Globally, on average, 65 kg of food is wasted per year by one person of which 25% is through
wasted vegetables, 24% through cereals and 12% through fruits. Daily wasted amounts of vitamin C, K, Zinc,
Copper, Manganese and Selenium are especially high representing 25-50% of their daily dietary recommended
intake (DRI) value. Cereals, fruits and vegetables are the three major food groups contributing the most to
wasted nutrients followed by meat, dairy and eggs that contribute substantially to the wasted calcium, choline,
riboflavin, zinc, and vitamin B12. Global average amount of food waste per capita per year contains 18 healthy
diets meaning it can fulfil the DRIs of 25 nutrients for one person for 18 days. The embedded environmental
footprints in average person's daily food waste are: 124 g CO2 eq., 58 Litre freshwater use, 0.36 m2 cropland use,
2.90 g nitrogen and 0.48 g phosphorus use. Cereals, meat, and sugar are major food groups contributing to
environmental impacts. Our results show that different countries have widely varying nutrients and environ-
mental footprints embedded in their food waste entailing country-specific waste reduction interventions.

1. Introduction

Two billion people globally have nutritional deficiencies and about
800 million still suffer from hunger due to poverty and poorly devel-
oped food systems (FAO et al., 2018; Swinburn et al., 2019). Food
production is one of the major drivers of global global greenhouse gas
emissions, freshwater withdrawals, and land use. Yet, one third of the
food produced globally is lost (at post-harvest and pre-consumption
stage) or wasted (at post-consumption stage) along the food supply
chain from production to consumption (Gustavsson et al., 2011). Losses
throughout the food system not only increase the demands on food
production but also induce the consequent production-related en-
vironmental impacts that could be avoided in absence of food waste.
It is now well documented that reducing global food waste can

create a ‘win-win’ situation for nutrition security and environmental
sustainability and thus reducing per capita food waste by half by 2030
has been declared as one of sustainable development goals target 12.3
of the United Nations (United Nation, 2015). The recently published
report of the EAT-Lancet commission on healthy diets from sustainable
food systems showed that reducing food loss and waste by 50% can go a

long way in ensuring healthy food availability globally and that the
Earth's environmental planetary boundaries (Steffen et al., 2015) do not
get transgressed (Willett et al., 2019).
Many regional and global studies have quantified the resources

wasted and environmental consequences due to food loss and food
waste at a national (Birney et al., 2017; Blas et al., 2018; Kashyap and
Agarwal, 2019; Ma et al., 2019; Tonini et al., 2018), regional
(Porter et al., 2018; Scherhaufer et al., 2018; Vanham et al., 2015), or
global levels (Kummu et al., 2012; Porter et al., 2016). For example,
Porter et al. (2016) estimated the global average per capita greenhouse
gas (GHG) emission of food loss and waste to be 323 kg CO2eq. in 2011
and identified that developing economies have the largest increases in
associated emission primarily due to the increasing losses in fruits and
vegetables. Others found that food loss and waste embeds 23–24% of
the total global use of cropland, freshwater resource, and fertilizers for
food production (Kummu et al., 2012). Scherhaufer et al. (2018) found
that 15-16% of the total environmental impact of the food supply chain
in Europe can be attributed to food waste. The freshwater footprint of
food waste in Europe is approximately 27 litres capita−1 day−1, which
is almost the same in its magnitude to the per capita municipal
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freshwater consumption in Europe (Vanham et al., 2015). Even ex-
cluding land use-based emissions, the amount of GHG emission asso-
ciated with global food waste is more than the national carbon footprint
of most countries except USA and China (FAO, 2013). The estimation of
EAT-Lancet commission suggests halving global food loss and waste
could reduce agricultural GHG by 5%, lower water use by about 13%,
decrease use of each nutrient (nitrogen, phosphorus) by up to 15%, and
reduce projected biodiversity loss by up to 33% relative to the business-
as-usual scenario (Willett et al., 2019). Cropland use for food produc-
tion also causes habitat degradation leading to decline in biodiversity
(Chaudhary and Kastner, 2016; Chaudhary and Brooks, 2019).
On the nutrition and food availability consequences side,

Buzby et al. (2014) estimated that 31% of available food in the US
remains uneaten due to the losses at the retail and consumer levels,
which equals to 1249 calories capita−1 day−1. All the world's 815
million hungry people (FAO et al., 2018) could be lifted out of energy or
protein malnourishment on less than a quarter of the wasted food in the
USA, UK, and Europe or by the approximately 40 million tonnes of food
wasted by USA households, retailers, and food services each year
(Stuart, 2009). Halving food loss and waste would also potentially in-
crease food availability by 1,300 trillion kcal per year by 2050, corre-
sponding to 22% of the estimated crop production increase required to
meet demand in 2050 (Lipinski et al., 2013). By analysing different
losses of available calories across different food commodities,
West et al. (2014) found that curbing consumer waste of crops (i.e.,
wheat, rice, and vegetables) and meats (i.e., beef, pork, and poultry) in
US, China, and India alone could feed ~413 million people per year if
the feed calories embodied in meat production are included.
However, food security is more than meeting just the daily energy

(caloric) requirement. The needs of essential macro and micronutrients
for healthy functioning of body should also be considered. Since dif-
ferent food items differ widely in their nutritional content and en-
vironmental footprint (Chen et al. 2019; Chaudhary and Krishna, 2019;
Willett et al., 2019; Chaudhary et al. 2018a, b), quantifying the food
waste in simple mass or caloric terms (as is practised most often) does
not provide the true extent of damage done. It is particularly important
that the wastage of commodities with high production stage environ-
mental impact and nutritional content be avoided to minimize the
impact on food security and planetary boundaries (West et al., 2014).
For example, fruits and vegetables are high in essential micro-

nutrients and their low consumption has been found to be a major
obstacle to achieving healthy diets globally (Afshin et al., 2019;
Lock et al., 2005; Mason-D'Croz et al., 2019). The EAT-Lancet com-
mission designed a healthy reference diet, advocating the daily per
capita fruit, vegetable, and pulses (dry beans, lentils, and peas, which
are grains or seeds of leguminous crops) intakes of 200 g, 300 g, and 50
g per person respectively (Willett et al., 2019). However, the global
fruit and vegetable availability has consistently been insufficient to
supply these recommended intake levels and only 55% of the global
population had average fruit and vegetable availability above WHO's
minimum target (Mason-D'Croz et al., 2019). It is clear that, in order to
achieve sustainable diets that meet nutritional and environmental tar-
gets, a significant increase in the consumption of fruits, vegetables, and
legumes from their current intake levels is required in almost all the
countries (Chaudhary and Krishna, 2019; Willett et al., 2019). Ir-
onically, due to their perishable nature, large amounts of fruits & ve-
getables are either lost due to inadequate storage and refrigeration fa-
cilities post-production in low-income countries or are simply wasted at
the household level in high-income countries (Gustavsson et al., 2011).
A major research gap is that most studies present the food waste

consequences on a limited number of environmental or nutritional in-
dicators (e.g. GHG emissions for environment and calories or protein
for food security). Studies assessing both the environmental and nu-
tritional implications of food waste are rare (Hayashi et al., 2018; Hiç
et al., 2016; Kummu et al., 2012; West et al., 2014). A few studies as-
sessing the nutritional losses of uneaten foods that have employed

multiple indicators are restricted to a particular country (Garcia-
Herrero et al., 2019, 2018; Khalid et al., 2019; Spiker et al., 2017) or
food group (Love et al., 2015; Wesana et al., 2019).
For example, Cooper et al. (2018) recently presented one of the

most comprehensive assessment of the household food wasted in the
U.K., employing five environmental impact indicators and 21 essential
nutrients. In addition, they presented novel indicators “nutrient days”
wasted per capita per year, and “daily diets” wasted per capita per year.
The wasted nutrient days (WND) for a particular nutrient is calculated
by simply normalizing (i.e. dividing) the nutrient amount wasted per
capita per year with their respective daily Dietary Reference Intake
(DRI) level. Wasted daily diets (WDD) per capita per year is the lowest
WND value among all the 21 nutrients considered (see method section
for details).
They found that approximately 42 daily diets were embedded in the

typical food wasted by each person in a year. In other words, the annual
food wasted by a person in the UK can provide a healthy diet (meeting
recommended levels for 21 nutrients plus energy) to a single person for
42 days. By individual nutrient, the highest losses were vitamin B12,
vitamin C, and thiamine (160, 140, and 130 nutrient days/capita/year,
respectively). Substantial amounts of currently under-consumed nu-
trients in the UK such as calcium, fiber and folate were mostly lost via
vegetables/salads and bakery. Wasted meat and fish contributed the
most towards total embodied environmental impacts.
To our knowledge, no study to date has assessed national food waste

through multiple environmental indicators and multiple nutrients at a
global scale. The goal of this study is to calculate the wasted nutrition
days (for 25 nutrients) and wasted diet days embedded in the daily per
capita food waste of 151 countries along with the embodied environ-
mental impacts.

2. Materials and methods

2.1. Food waste and consumption data

We first estimated the wasted amounts of 225 food items (i.e., loss
at consumption level in g capita−1 day−1) for 151 countries by com-
bining their edible amounts reported by GENuS dataset for the year
2011 (Smith et al., 2016) with the region-specific food waste ratio for
major food categories reported by FAO (Gustavsson et al., 2011). The
GENuS database was created by expanding the 94 aggregated food
categories of FAO's food balance sheet data (Smith et al., 2016).

2.2. Nutritional content and requirement

To estimate the amounts of calories and nutrients embedded in
national food waste, we multiplied the individual food item waste va-
lues (g capita−1 day−1) with their nutrient densities (e.g., g protein per
100 g of wheat) obtained from region-specific food composition tables
provided by the GENuS database (Smith et al., 2016). These tables
provide content of 19 nutrients and calories for each of the 225 food
items. For other essential nutrients, vitamin E, vitamin B12, vitamin K,
selenium, and pantothenic acid, we complement the GENuS food
composition tables with the nutrient density values from the USDA SR
28 food composition tables (United States Department of
Agriculture (USDA), 2016).
We then compared the amounts of wasted nutrients with the

average country-specific nutrient requirements reported by
Beal et al. (2017). For the 10 nutrients for which Beal et al. do not
provide the requirements, we calculated the population-weighted
average required intakes by combining the age- and sex-specific nu-
trient recommendations from Institute of Medicine (Institute of
Medicine, 2019, 2005, 2001, 2000, 1998a, b) and the age and sex
subgroup data from Population Division of United Nations
(United Nations Department of Economic and Social Affairs., 2017).
To estimate the requirements of protein intake (g per capita per
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day), we matched the recommended amount per unit of human body
weight (g protein per kg) (Institute of Medicine, 2005) with the national
average body weight calculated from data reported by NCD Risk Factor
Collaboration (NCD Risk Factor Collaboration (NCD-RisC), 2017,
2016).
For energy requirements, we adopted country-specific Minimum

Dietary Energy Requirement (MDER) from FAO food security statistics
(FAO, 2014). MDER (expressed as kilocalories per person per day) is the
amount of energy needed for light activity and minimum acceptable
weight for attained-height. The national MDER was calculated on three-
year population-weighted average which depends on the gender and
age structure of national population (FAO, 2014). We adopted the
MDER values for year 2011-2013 in our analysis.

2.3. Wasted nutrient days, wasted daily diets and wasted healthy foods

Following Cooper et al. (2018), we normalized (i.e. divided) the
nutrient amount wasted per capita per year in each country with their
respective daily Dietary Reference Intake (DRI) level and calculated the
Wasted Nutrient Days (WND) per year for each nutrient-country com-
bination (a total of 25×151 = 3775 combinations). For example, a
WND of 90 for protein signifies that the food wasted by one person in a
year can meet the daily protein requirements of one person from the
same country for 90 days. This provides much more intuitive and useful
information than simply saying that 500 g of protein is embedded in the
food waste by one person in a year.
Once the WND for all 25 nutrients were calculated, the lowest WND

value among these 25 values provide the “wasted daily diets (WDD)”
per capita per year. The nutrient with the lowest WND is called the
limiting nutrient (see Cooper et al. 2018 for details). For example, if the
lowest WND among 25 nutrients is for fiber and is equal to 40, it tells
that the total food wasted by one person in a year can provide a healthy
diet (i.e. meeting recommended levels for 25 nutrients) to a single
person for 40 days. In other words, the annual per capita food wasted
can provide a healthy diet to 40 people for one day.
In addition, we compared the wasted amounts of fruits and vege-

tables per capita per year in each country with the levels recommended
by EAT-Lancet commission on healthy diets (Willett et al., 2019), where
an intake of 200 g of fruit and 300 g of vegetables per person per day
(about five servings of fruit and vegetables) are suggested respectively.
We included these food groups in our analysis because of their health
benefits as well as their prevalent insufficient intakes at the global level
(Afshin et al., 2014; Aune et al., 2017; Bernstein et al., 2010; Mason-
D'Croz et al., 2019; Muraki et al., 2013; Wang et al., 2014).

2.4. Embedded environmental impacts in food waste

In order to calculate the embedded environmental footprints of
national daily food waste, we matched the recently available char-
acterization factors (i.e., environmental impacts per gram of food) to
our product resolution (225 items). The original characterization fac-
tors from Springmann et al. (2018a) are available for 28 broad food
groups. Each of the 225 food items of GENuS database were assigned to
one of these 28 food groups (see Table S1 in supporting information for
matching). These global average characterization factors per food
group are available for five environmental domains (Springmann et al.,
2018a): greenhouse gas emissions (g CO2eq/g), freshwater use (liters/
g), cropland use (m2/g), nitrogen application (gN/g) and phosphorus
application (g P/g).
We multiplied characterization factor of individual food item with

its wasted amount per capita per day and sum up the amount of all food
items to calculate national per capita per day food waste footprint for
each of the five environmental domains.

2.5. Environmental impacts in relation to planetary boundaries

In addition, to get an idea on how much the food waste reduction
can contribute towards meeting the global environmental planetary
boundaries (or environmental limits), we normalized (divided) the total
per capita national food waste environmental footprints with their re-
spective per capita food-related planetary boundaries (Chaudhary and
Krishna, 2019; Steffen et al., 2015; Willett et al., 2019). The per capita
food-related planetary boundaries were obtained by simply dividing the
mean planetary boundaries reported by Springmann et al. (2018a) with
the global population for the year 2011. The calculated per capita per
day planetary boundaries for the greenhouse gas (GHG) emissions,
cropland use, freshwater use, nitrogen application and phosphorus
application are: 1867 gCO2eq., 5.01 m2, 786 L, 27.4 gN and 6.4 gP,
respectively (see also Chaudhary and Krishna 2019).
These per capita planetary boundaries signify that as long as an in-

dividual's food consumption related environmental footprint remains
below these values, the Earth's ecosystem integrity will not be jeo-
pardized. For the GHG boundary, Springmann et al. (2018a) adopted a
non-CO2 emission (methane and nitrous oxide) budget related to agri-
culture in line with limiting global warming to below 2°C (Representative
Concentration Pathway (RCP) 2.6) with a 66% probability. This budget
was derived from a model comparison of three integrated assessment
models (Wollenberg et al. 2016). The food-related land boundary was
derived in line with not reducing current forest cover and keeping cur-
rent cropland use extent (Robinson et al. 2015). For the bluewater
boundary, they adopted value from a basin-level assessment of the flow
requirements of river systems (Gerten et al. 2013) along with the con-
sumptive bluewater used in agriculture (Robinson et al. 2015). The ni-
trogen boundary value was informed by estimates of global risk values
for eutrophication (de Vries et al. 2013) and nitrogen application rates
from fertilizers (Mueller et al. 2012). Finally, the phosphorus boundary
was based on the phosphorus-flow model by de Vries et al. (2013) in line
with keeping phosphorus concentrations below critical levels of 50–100
mg per litre to prevent eutrophication and current phosphorus applica-
tion rates (Mueller et al. 2012).
Similar to the normalization of wasted nutrients with their daily

recommended levels to get ‘wasted nutrient days’, the normalization of
environmental footprints presents a much more intuitive indicator than
simply reporting litres of water or grams of carbon wasted due to food
wasted per capita per day.

3. Results

3.1. Food waste amounts per country

We found that a total of 1.13 million tons of edible food products
are wasted per day throughout the world with the global average food
waste being 178 g per capita per day (or 65 kg per year). The wasted
amounts vary widely depending upon the country. The mean food
waste in high-income countries is approximately 307 g per capita per
day, which is almost two times to that in upper-middle-income coun-
tries (163 g) and four to six times higher than that in low-middle in-
come (81 g) and low-income (43 g) countries. Food waste in certain
high-income countries like New Zealand, Ireland, United States, and
Australia even exceeds 500 g per capita per day. China's per capita food
waste is around 276 g per day, ranking 46 out of 151 countries in our
analysis. The estimates for Brazil and India are 133 g and 40 g per
capita per day, respectively (see Table S1 and Table S2 of supporting
information for wasted food amounts per country).
Results shows that an average North American consumer throws out

23% of the total weight of food entering the household. The corresponding
figures for Europe, East Asia & Pacific and China are 17%, 15% and 15%
respectively. This is in stark contrast with South Asia and Africa where the
post-consumption food waste is <5%. Middle East and Latin America lie
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somewhere in middle with around 8-10% by weight of the total food en-
tering the household is wasted (Gustavsson et al. 2011).
Food waste comes from almost every food category but in varying

degrees (Table 1). On average, the food groups contributing the most to
the total weight of food waste are vegetables (25%), cereals (24%), and
fruits (12%).
The contribution of other food groups are: roots & tubers (9%),

dairy/ eggs (7%), meat/fish (6%), and other foods (18%). Table 1
shows that the contributions of different food groups towards total food
waste weight is almost similar across low- and high-income nations
except for dairy products and roots & tubers categories. Almost 17% of
food waste in high income nations is constituted of dairy products and
just 7% of roots & tubers whereas in low-income nations it is reverse
with 13% of waste coming from wasted roots & tubers and just 3% from
discarded dairy products. Differences are much more evident across
major geographic regions. North America has low cereals and roots &
tubers waste (8%) but high dairy waste (22%) and the opposite is true
for South Asia and Sub-Saharan Africa (Table 1).

3.2. Embedded nutrient loss per country and their sources

By linking the country and food item-specific waste amounts (Table
S1) with their nutrient composition from GENuS database
(Smith et al. 2016), we obtained the the amount of 25 nutrients (24
essential nutrients plus calories) embedded in national food waste in
2011 (see Table S3a in supporting information for wasted nutrient
amounts per country). Out of these 25 nutrients, at the global stage,
recent studies indicate concern on inadequate intake of eight of them.
This includes macronutrients such as fiber, minerals such as iron, and
potassium, and vitamins such as vitamin A, folate (vitamin B9), vitamin
E, vitamin K and riboflavin in a number of countries (Chaudhary and
Krishna, 2019; Springmann et al., 2018b; Muthayya et al., 2013).
Table 2 shows that worldwide on average, 273 kcal of energy

(calories) is embedded in food waste generated by per person per day
which represents ~15% of its global median daily dietary re-
commended intake (DRI) value. Results for other nutrients indicate that
3.5 g of fiber (~ 12% of the DRI), 2.2 mg of iron (24% of the DRI), and
323 mg of potassium (12% of the DRI) are embedded in food waste. For
some micronutrients such as vitamin C, vitamin K, vitamin B6, Iron,
Zinc, Copper, Manganese and Selenium, the wasted amount is as high
as 25-50% of their daily requirements (Table 2). The corresponding
embedded amounts of other vitamins is around 10 – 20% of their DRI.
We found considerable variation in the Dietary Reference Intake

(DRIs) across countries underscoring the need to employ country-spe-
cific DRIs for different nutrients rather than generic global DRIs. For
example, the caloric requirements varied from 1667 kcal capita−1

day−1 for Angola to 1996 kcal capita−1 day−1 for UAE. The DRI for

protein varied from 38 to 61 g capita−1 day−1 across 151 countries
(lowest for Madagascar and highest for French Polynesia). These var-
iations arise from differences in age and gender structure of national
populations. Countries with larger portion of females and people under
the age of 14 would have lower population-weighted average DRI for
most nutrients. For protein requirements, the national average DRI
would be higher if people have larger body weight. The coefficient of
variation (CV) of DRI values across 151 countries ranged from 1.8% for
phosphorus to 9.9 % for protein (see Table S3b in supporting in-
formation).
We also assessed how much of each nutrient is embedded in each

wasted food item in each country. Table S4 in supporting information
shows the % contribution of different food groups to the total amount of

Table 1
Contribution (%) of major food categories to the total food waste (by weight) in different world regions. See Table S2 in supporting information for results per
country.

Region Cereals Roots & Tubers Vegetables Fruits Dairy Legumes Meat & Fish Other

High income 17 7 15 12 17 0.1 6 26
Upper middle income 27 5 33 11 4 0.2 5 15
Lower middle income 31 8 26 16 5 0.6 3 10
Low income 27 13 22 16 3 1.2 4 14
East Asia & Pacific 27 5 37 11 2 0.2 5 13
Europe & Central Asia 21 8 17 11 12 0.1 5 26
Latin America 25 4 10 18 11 0.6 7 25
Middle East & N. Africa 35 3 28 17 3 0.3 4 10
North America 13 8 14 12 22 0.1 6 25
South Asia 33 5 28 17 6 0.9 1 8
Sub-Saharan Africa 14 28 20 23 0.5 1.4 4 9
China 27 5 40 10 1 0.2 4 12
India 31 5 31 18 6 1.0 1 8
World 24 6 25 12 9 0.2 5 19

Table. 2
Global average nutrient losses (mass capita−1 day−1) embedded in food waste,
nutrient loss as % of their global median daily dietary recommended intake
(DRI) levels and Wasted Nutrient Days (WND). Both the global median and
population-weighted global average WND is presented. See Table S3 in sup-
porting information for nutrient losses per country.

Essential nutrient Wasted
amount

% of
DRI

Median
WND

Average
WND

Calories (kcal) 273 15 43 53
Macronutrients
Protein (g) 7.3 14 43 55
Fiber (g) 3.4 12 35 44
Polyunsaturated fatty acids (g) 0.9 6 22 24
Vitamins
Vitamin A (µg RAE) 88 15 32 52
Vitamin B6 (mg) 0.3 24 52 73
Vitamin B12 (µg) 0.3 14 33 45
Folate (µg) 34.7 10 24 36
Niacin (mg) 2.0 16 54 59
Pantothenic Acid (mg) 0.6 13 35 48
Riboflavin (mg) 0.1 9 41 43
Thiamine (mg) 0.1 10 55 52
Vitamin C (mg) 17.1 25 69 88
Vitamin E (mg) 0.5 5 14 18
Vitamin K (µg) 26.7 30 35 106
Choline (mg) 25.6 6 13 21
Minerals
Iron (mg) 2.2 24 79 85
Potassium (mg) 323 12 38 42
Calcium (mg) 60.2 6 15 21
Zinc (mg) 1.2 51 149 178
Copper (mg) 0.2 27 74 93
Phosphorus (mg) 123 16 54 60
Magnesium (mg) 40.1 13 35 46
Manganese (mg) 0.7 37 84 133
Selenium (µg) 14.7 30 82 108
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each nutrient wasted per capita per day. It is clear that the majority of
nutrients are wasted through unused cereals, fruits & vegetables and
meat products. Dairy and eggs contribute substantially to the waste of
calcium, choline, riboflavin, and vitamin B12. Wasted meat products are
responsible for a substantial fraction of wasted vitamin B12, poly-
unsaturated fatty acids, zinc, protein, niacin and choline.
Note that this analysis revealed a new level of information because

for example, although meat and fish product losses accounted for just
5% of total food loss by weight (Table 1), they account for 72% of the
losses of vitamin B12 (Table S4). Similarly, wasted dairy products
constitute just 7% of the total wasted food by weight but they con-
tribute to 30% of wasted calcium per capita per day.
Results for fiber indicate that a total of 3.4 g of fiber is embedded in

daily per capita global average food waste (Table 2), 46% of which is
from wasted cereals and 41% of which is from discarded fruits & ve-
getables (Table S4). The major sources of wasted iron are cereals (49%
of the total), vegetables (22%), and meat (9%) while for potassium are
vegetables (36%), cereals (17%), roots & tubers (14%) and fruits (13%).
Almost all of the vitamin C and vitamin K is wasted through discarded
fruits & vegetables alone.

3.3. Wasted Nutrient Days (WND)

By dividing the total weight of each of 25 nutrients wasted per ca-
pita per year in each of 151 countries with their respective daily dietary
recommended intake (DRI) values, we obtained the wasted nutrient
days (WND) (for 151×25 combinations, see Table S5 in supporting
information for all values per country). As shown in Table 2, for the
global average annual per capita food waste, highest WND were found
for zinc (global median WND = 149), followed by manganese (84),
selenium (82), iron (79), copper (74) and vitamin C (69). In other
words, the wasted food per capita per year contains enough zinc to
meet the daily zinc requirement of one person for 149 days (i.e. for 41%
of the year). On the other hand, the lowest WND are for choline (global
median WND = 13), vitamin E (14), calcium (15), polyunsaturated
fatty acid (22) and folate (24).
Fig. 1 presents the embedded WND per country for eight selected

nutrients whose inadequate intake is a concern globally (Springmann
et al. 2018b; Chaudhary & Krishna, 2019).
The nutritional value of wasted food varied widely across countries.

Central Asian countries such as Azerbaijan, Armenia, and Georgia along
with USA, Canada, Ireland, New Zealand, Austria, Denmark and China
had consistently high wasted amounts (and hence WNDs) for most of
the nutrients (Table S5). Across income groups, the wasted nutrient
amounts decreased as incomes decreased with the average WNDs for
high-income countries being around six times higher than low or lower-
middle income countries.

In particular, we found that the losses of vitamin B12 has the most
significant differences across different income groups, where the wasted
amount by a person in a high-income country (WND = 125) is almost
three times as much as the wasted vitamin B12 (WND= 51) for a person
in an upper-middle-income country. It could be attributed to the high
consumption and waste level of animal products, which are the main
vitamin B12 resources, in high-income countries comparing to the rest
ones.

3.4. Wasted daily diets (WDD)

According to our estimation, 18 daily diets are embodied in the
global average amount of food waste per capita per year and thus it can
fulfil the daily requirements (DRIs) of 25 nutrients for one person for 18
days (i.e. Wasted daily diets, WDD = 18). In other words, the nutrients
embedded in the typical food wasted by a person in a year could pro-
vide one person 18 days of nutritious diet or feed a nutritious diet to 18
persons for one day. Fig. 2 shows the WDD values for all countries (see
Table S6 in supporting information for all values).
The average WDD for high income countries was around 5 – 9 times

higher than low or lower-middle income countries. The annually
wasted nutrients in 21 countries (15 of which are high-income), are
estimated to fulfil the daily requirements (of the 24 nutrients & cal-
ories) of one person for more than a month (i.e. their WDD≥30). North
American countries (USA & Canada) had highest WDD (41) followed by
Europe and Central Asian countries (32) and China (27). On the other
extreme, the average WDD for India along with South Asian and Sub-
Saharan African countries was less than three. The WDD of Zimbabwe
and Sri Lanka is lowest (<1).
We found that Vitamin E, Calcium, and Riboflavin were the most

frequent limiting nutrients (i.e. the nutrients that are wasted in very less
amounts and thus with the lowest WNDs among the 25 nutrients con-
sidered) in deciding the wasted daily diets (WDD) number for the
countries. As these limiting nutrients are sourced from all major food
categories, the “diet” estimated with WDD would have a comparable
composition as shown in Table 1.

3.5. Embedded environmental impacts

We found that environmental footprints associated with global
average per capita per day food waste are 124 g CO2 eq., 58 Litre
freshwater use, 0.36 m2 cropland use, 2.90 g nitrogen and 0.48 g
phosphorus use (Table 3). Consistent with the wasted food amounts and
embedded nutrients, the highest environmental impacts are embedded
in food waste of North America, followed by EU, East Asia and pacific
(Australia, New Zealand, Japan, South Korea, China), while sub-Sa-
haran Africa, south and southeast Asia are the regions with the lowest

Table. 3
Environmental footprints embedded in average per capita per day food waste of different World Bank regions. Footprint magnitude as % of respective food-related
environmental planetary boundary is shown in parenthesis (see section 2.5). See Table S7 in supporting information for all values per country.

Region GHG emissions (gCO2 eq.) Freshwater use (Litres) Cropland use (m2) Nitrogen use (gN) Phosphorus use (gP)

High income 315 (17%) 118 (15%) 0.81 (16%) 5.88 (21%) 1.00 (16%)
Upper middle income 144 (7.7%) 77 (9.8%) 0.45 (9.0%) 3.94 (14%) 0.64 (10%)
Lower middle income 33 (1.8%) 19 (2.4%) 0.10 (2.0%) 0.89 (3.2%) 0.14 (2.3%)
Low income 32 (1.7%) 12 (1.5%) 0.08 (1.7%) 0.61 (2.2%) 0.10 (1.6%)
E. Asia & Pacific 130 (6.9%) 79 (8.7%) 0.44 (8.7%) 3.99 (15%) 0.64 (10%)
EU & Central Asia 254 (14%) 106 (15%) 0.76 (15%) 5.50 (20%) 0.92 (15%)
Latin America 143 (7.7%) 45 (5.5%) 0.28 (5.5%) 2.17 (7.9%) 0.36 (5.7%)
MENA 96 (5.1%) 51 (5.7%) 0.29 (5.7%) 2.58 (9.4%) 0.42 (6.6%)
North America 450 (24%) 149 (20%) 1.03 (20%) 7.40 (27%) 1.29 (20%)
South Asia 22 (1.2%) 15 (1.5%) 0.07 (1.5%) 0.66 (2.4%) 0.10 (1.7%)
S.S. Africa 18 (0.9%) 5 (0.8%) 0.04 (0.8%) 0.27 (1.0%) 0.05 (0.7%)
China 152 (8.1%) 96 (11%) 0.54 (11%) 4.97 (18%) 0.79 (13%)
India 19 (1.0%) 15 (1.5%) 0.08 (1.1%) 0.66 (2.4%) 0.11 (1.7%)
World average 124 (6.6%) 58 (7.1%) 0.36 (7.3%) 2.90 (11%) 0.48 (7.5%)
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corresponding food waste related environmental burden (supporting
information Table S7).
By normalizing (dividing) the embedded environmental footprints

with respective planetary boundaries (section 2.5 above), we
obtained the footprints relative to their environmental limits
(Springmann et al. 2018a; Chaudhary and Krishna, 2019). As shown in
Table 3, on average globally, environmental footprints embedded in
current daily per capita food waste account for 6.6%, 7.3%, 7.1%, 11%,
and 7.5% of daily per capita food-related planetary boundaries of GHG
emission, cropland use, freshwater use, nitrogen use, and phosphorus
use respectively.
The environmental impacts linked with edible food waste in each of

the 151 countries are shown in Fig. 3. For countries, the greenhouse gas
emissions associated wasted edible food is the highest in New Zealand,
estimated to be 759 g CO2 eq. emission per capita per day and equals to
40% of the GHG planetary boundary for food production (Willett et al.,
2019; Springmann et al. 2018a). According to our analysis, New
Zealand has largest amount of ruminant animal product waste (bovine,
mutton and goat; 14.3 g per capita per day) and dairy product waste
(152.3 g per capita per day) in the world. In contrast, food waste of
Mozambique in sub-Saharan African has embedded emission of 6 g CO2
eq. per capita per day (lowest value across countries) and its waste
amount of all types of animal products is 0.54 g per capita per day.
United States has the highest freshwater (150.45 L per capita per

day), nitrogen (7.45 gN) and phosphorus (1.31 gP) footprints em-
bedded in their food waste. Ireland is the country with the top food-
waste-linked cropland use, which is estimated to be 1.13 m2 for food
waste per capita per day.
Accounting for one quarter of total food waste on global average by

weight, wasted cereal (e.g. wheat, rice) is the food group with the most
embedded environmental impact accounting for 40–45% of total
cropland, freshwater, nitrogen and phosphorus use. Comparing to other
regions, wasted cereal products in East Asia & Pacific, South Asia, and
Middle East & North Africa contribute more to their environmental
footprints, being responsible for half of food waste footprints on
average. China's cereal waste contribute to almost two thirds of fresh-
water footprints of national food waste. Following cereals, wasted fruits
and vegetables are also important environmental impact contributors of
fertilizer use and their contribution is highest in Sub-Saharan Africa
accounting for more than 35% of total food waste related nitrogen and
phosphorus footprints.
GHG emissions associated with per capita wasted meat products

(i.e. pork, beef, and poultry) in high-income countries even exceeds the
total emissions embedded in global average per capita total food waste
(i.e. 124 gCO2 eq.) and the level for North American countries is
especially high with daily wasted meat products accounting for more
than 230 gCO2 eq. per capita. Wasted sugar is linked with remarkable
freshwater footprint embedded in national food waste accounting for
approximately 30% in North American, European, Latin American &
Caribbean, and high-income countries (Table S8).

3.6. Wasted amounts of fruits, vegetables and pulses

Global average per capita per day fruits and vegetables waste are
estimated to be 21 g and 44 g, respectively (Table 4). On an annual
basis, this translates to a wastage of 7.65 kg of fruits and 16 kg of ve-
getables wasted per person per year. Similar to the concept of wasted
nutrient days (WND, Section 2.4), dividing these annual wasted
amounts with their respective daily recommended intake values (200 g
for fruits and 300 g for vegetables; Willet et al. 2019), we calculated
wasted fruits days and wasted vegetable days for each country's average
daily per capita fruits and vegetable waste. We found that on average,
annually wasted fruits and vegetables could meet one person's daily
fruit and vegetable requirements for 38 and 54 days respectively
(Table 4). In other words, these annual wasted amounts can meet the

fruit and vegetable requirements of 38 and 54 persons for one day re-
spectively.
Wasted fruits and vegetables contribute the most to food waste ac-

counting for approximately 38% of global food waste by mass (Table 1).
Upper- and lower-middle income countries have higher proportion of
food waste attributed to these two food groups (44% and 42% respec-
tively of total food waste) than countries in lower income groups
(Table 1). According to our estimation, an average person in high and
upper-middle income countries generates ~100 g of fruits and vege-
tables waste per day while the amount for low and lower-middle in-
come countries is 15 – 20 g on average (Table 4).
Interestingly, in contrast to overall food waste amounts (Table 1),

Table 4 shows that the average per capita vegetable waste in East Asia
and pacific including China (83 – 112 g) is even higher than North
America and EU (57–72 g). North America has the largest amount of
fruit waste per capita (60 g/day) followed by EU (37 g), China (28 g),
East Asia and Pacific (24 g) and Middle-East and North Africa region
(24 g).

4. Discussion

In a world with limited resources and increasing population, food
security can only be achieved by a more sustainable use of resources
along with adaptations to our consumption behavior, including the
reduction or, ideally, the eradication of food waste. Our national results
for 151 countries identify the global hotspots and picture the hetero-
geneity of the food waste and the associated impact (Figs. 1-3). Not
surprisingly, the food waste of high-income countries of North America
and EU embed many times higher nutrient losses and environmental
footprints on a per capita level than low-income countries. However,
there were some surprises, such as the fact that amount of wasted ve-
getables are higher in China, East Asia and Pacific than even North
America and Europe (Table 4). This means that in such regions, inter-
ventions or education campaigns should focus relatively more on ve-
getable waste reduction rather than other food groups. In contrast, in
Sub-Saharan Africa, interventions targeting waste reduction in roots &
tubers are needed (Table 1).
This study also highlighted the priorities across countries and food

groups in terms of food waste related nutritional and environmental
sustainability concerns. For example, from our food contribution results
(Table 1, Table S4, Table S8), one can infer that national interventions
targeting reduction in cereal wastage could result in a high saving in
micronutrients with high deficiency prevalence like iron, as well as a

Table. 4
Average wasted amounts of fruits and vegetables in grams per capita per day in
different World Bank regions. Wasted fruits and vegetable days, i.e. their per
capita annual wasted amounts divided by their EAT-Lancet commission (Willett
et al. 2019) recommended daily intake values of 200g and 300g respectively are
shown in parenthesis. See Table S9 in supporting information for values per
country.

Region Fruits Vegetables

High income 44 (80 days) 57 (69 days)
Upper middle income 25 (46 days) 73 (89 days)
Lower middle income 9 (16 days) 14 (17 days)
Low income 6 (11 days) 9 (11 days)
East Asia & Pacific 24 (44 days) 83 (101 days)
EU & Central Asia 37 (68 days) 57 (69 days)
Latin America & Caribbean 22 (40 days) 12 (15 days)
Middle East & North Africa 24 (44 days) 40 (49 days)
North America 60 (110 days) 72 (88 days)
South Asia 6 (11 days) 11 (13 days)
Sub-Saharan Africa 6 (11 days) 5 (6 days)
China 28 (50 days) 112 (136 days)
India 7 (13 days) 12 (15 days)
World average 21 (38 days) 44 (54 days)
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substantial reduction in global environmental resources demand
(cropland, freshwater, nitrogen, and phosphorus). The positive effect
would be especially higher in South and East Asia along with Middle
East & North Africa.
Our analysis underscored the importance of identifying the com-

position of food waste rather than simply using total food waste weight
as an indicator. For example, we found that although meat products on
average account for only 6% of the total daily per capita food waste by
weight, they contribute 57% to GHG emission and ~10% to other en-
vironmental impacts associated with food waste (see Table S8 in sup-
porting information). Meat waste reduction actions are particularly
needed for countries with high food waste related GHG emission foot-
prints (e.g. for New Zealand with 759 g of GHG emissions per capita per
day associated with its food waste).
We calculated the recently proposed novel nutritional indicator

(Wasted Nutrient Day or WND; Cooper et al. 2018) for all countries that
enables the juxtaposition of essential macro and micro-nutrient losses

embedded in wasted food with their daily recommended levels (Fig. 1,
Table 2) and thus provide a more intuitive measure of appreciating the
value of food wasted. Along the similar lines, we also juxtaposed the
embedded environmental footprints with their downscaled daily per
capita food-related planetary boundaries (Springmann et al. 2018a;
Steffen et al. 2015). The embedded environmental footprints in North
American food waste represent >20% of their daily food-related pla-
netary boundaries meaning that cutting down on food waste is an ef-
fective strategy that can contribute substantially towards remaining
below or not transgressing the global environmental planetary bound-
aries. We acknowledge that the planetary boundary framework is not
without uncertainties and limitations because of their underlying
modelling assumptions (Springmann et al. 2018a) and can only provide
a very broad measure of the food system sustainability status. We al-
located global planetary boundaries to individuals based on a top-down
approach by simply dividing them by world population although it may
not be an appropriate way for environmental domains with huge

Fig. 1. Country-specific Wasted Nutrition Days (WND) for eight selected nutrients. The darker red color shows the higher nutrients losses embedded in their per
capita food waste while the green shows lesser nutrient losses. For example, WND value for folate in USA is 72 meaning its wasted food per capita per year can meet
daily recommended folate intake requirement (DRI) of one person for 72 days. See Table S5 in supporting information for all values per country.
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Fig. 2. Country-specific Wasted Diet Days
(WDD) embedded in national per capita per
year food waste. The WDD indicator for a
country is calculated as the minimum of the
WND values of 25 nutrients in that country. It
represents number of daily nutritious diets
embedded in national per capita per year food
waste, i.e. number of days for which a person
can be fed a healthy diet meeting the daily
required nutrient intake of all 24 essential
nutrients and calories. See Table S6 in sup-
porting information for all values per country.

Fig. 3. Environmental footprints embedded in per capita per day food waste of each country: (a) GHG emission in g CO2 eq., (b) cropland use in m2, (c) freshwater
use in litres, (d) nitrogen use in gN, and (e) phosphorus use in gP. Analysis was based on data for year 2011. The darker red color shows the higher environmental
impacts embedded in their per capita food waste. See Table S7 in supporting information for all values per country.
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geographical and temporal variations such as freshwater or fertilizer
use (see O'Neill et al. 2018 for planetary boundary allocation discus-
sion). Nevertheless, our analysis highlights that food waste reduction
can simultaneously increase nutrition security and lower food-related
environmental burden.
Despite using the latest available input data for a global analysis,

our results come with several uncertainties and limitations that need to
be overcome in future. First, the waste percentages employed in our
analysis come from a United Nations’ report (Gustavsson et al., 2011)
and are limited to seven world regions and seven broad food groups.
Therefore, there is a mismatch in data granularity because our analysis
considers 151 countries and 225 food items in contrast with seven
world regions and seven food groups of Gustavsson et al. (2011). The
differences between countries within the same region and the variation
in waste percentage among individual food items within a food group
can be substantial. This might lead to under or overestimation of em-
bedded nutrition and environmental impacts in a country's food waste
depending upon whether the wasted amount in a particular country or
a food item is lower or higher compared to the aggregated
average available from Gustavsson et al. (2011). For example,
Gustavsson et al. (2011) provides a single value of 19% waste for all
fruits and vegetable across all countries in Europe. However, a review
compared the waste percentages (ratio of avoidable waste and pur-
chased amount per person) in different countries within Europe and
found that the percentage of fruits and vegetable waste ranges from 7%
to 15% and 4% to 21%, respectively across Germany, Spain, Denmark,
Netherlands, Finland, and UK (De Laurentiis et al., 2018). However, the
above data source available from UN FAO (Gustavsson et al., 2011) that
we used is the most up-to-date and publicly available dataset for the
purpose of global-scale calculations and comparison. As the global ef-
forts in waste accounting methodology improvements and data collec-
tion increase (Corrado et al., 2019), our methodology can be used to
calculate more accurate estimates of embedded nutrients and environ-
mental losses per country.
Second, we used the GENuS database that provides the edible food

supply and nutrient composition for 225 food items per country
(Smith et al., 2016), which is a higher-resolution global dataset for
nutrient waste analysis than the 94 aggregated food items in FAO's food
balance sheets (FBS). For example, the GENuS database provides intake
amounts and nutrient composition separately for milk, cheese, ice
cream as well as for grains and their flours or raw fruits and their juices.
Despite that, the data on many other processed food products (e.g.,
pizza, burger, pasta, etc.) is not available yet. Therefore, the nutrition
changes during processing and cooking could not be taken into account
in our analysis. Future work should incorporate more food products to
obtain more accurate estimates of national food waste composition.
More detailed dataset is expected to provide information on sex, age, or
socioeconomic disparities in access to food and food wasting behaviour,
thereby giving greater insights into intra-country's intervention prio-
rities on food waste reduction, vulnerability to malnutrition and dietary
gaps from the recommended intake levels (e.g. sufficient vegetables).
Third, we use the available global average values of environmental

emission factors for different food items and could not employ country-
specific values that account for variability in the production methods
due to the data unavailability (Springmann et al., 2018a). In addition,
we could not include other food-related environmental impacts such as
ecosystem services loss (Chaudhary et al. 2017), industrial pollution,
disease risk and species extinction (Chaudhary and Brooks, 2018)
and evolutionary history loss (Chaudhary and Mooers, 2018;
Chaudhary et al. 2018c; Steel et al. 2018) that occur during the pro-
duction of food that is being wasted. We could not calculate
the uncertainty around our results because the input data on intake
amounts, nutrition composition, and environmental emission factors
(Smith et al., 2016; Springmann et al., 2018a) that we use do not
provide the 95% confidence intervals.
Our results on embedded losses in global food waste are in line with

previous global studies (Kummu et al., 2012; Porter et al., 2016;
Hic et al., 2016). For example, our estimate of 0.205 m2/capita/day
cropland use and 191 kcal/capita/day embodied in wasted cereals,
fruits & vegetables, oils, pulses and roots is very close to the 0.211 m2/
capita/day and 213 kcal/capita/day respectively estimated by
Kummu et al. (2012). Our estimate of carbon footprint of food waste
(124 g CO2 eq./capita/day) is slightly on the lower side than 170-200 g
CO2 eq./capita/day estimated by Porter et al. (2016) and
Hic et al. (2016).
Differences in absolute values of the footprint between our and

previous studies might occur due to a number of factors such as dif-
ferent food product environmental emission factors (we used factors
from Springmann et al., 2018a), different year of the analysis (2005-07
for Kummu et al. vs. 2011 here), different resolution of food items (e.g.
26 food groups in Porter et al. vs. 225 food items here), scope of food
waste accounted (e.g. food loss and waste in Kummu et al. vs. food
waste only here) etc.
To reduce the waste in foods at the consumption stage, many in-

terventions have been suggested. Leverenz et al. (2019) found that a
reduction in fresh food waste by more than 50% by weight is possible
through coaching and simple interventions such as encouraging the
households to keep a diary for self-reporting the amount of different
food items they are wasting. Reynolds et al. (2019) provide a review of
17 interventions and their effectiveness in reducing food waste at
consumption stage. They found that using appropriate size of package
and plate, improving nutritional guidelines in schools, and running
information campaigns are very effective in achieving food waste re-
ductions.
Apart from consumers themselves, food business actors can play a

huge role in reduction of food waste by adopting conscious strategies on
packaging, date-labelling, and retail marketing (Newsome et al., 2014;
Verghese et al., 2015; Williams et al., 2012; Yokokawa et al., 2018). For
example, a Swedish household study looked at the influence of food
packaging on the quantity and type of food wasted. It appeared that
20–25% of food was wasted due to packaging factors, such as packages
being too large, packages being difficult to empty and best-before dates
having passed (Williams et al., 2012). Strategies such as improved
prediction of consumer demand by retail stores or restaurants and de-
signing food packages and portion sizes targeted to consumption pat-
terns and nutrition are need of the hour.
Institutions, private businesses and NGOs can play their part by

creating awareness in society. An in-restaurant information campaign in
Netherland nudged consumers for smaller portion sizes resulting in less
food left on plate (Jagau and Vyrastekova, 2017). Young et al. (2017)
found online and social media information as effective as traditional in-
formation dissemination for reducing food waste behaviour among UK
households. Studies in Germany, France, USA, and Thailand also found
that raising awareness or coaching practical skills is effective for waste
prevention (Dyen and Sirieix, 2016; Leverenz et al., 2019;
Manomaivibool et al., 2016; Schmidt, 2016; Whitehair et al., 2013).
In addition to information-oriented intervention, legislation and

economic incentives (fees, taxes, and subsidies) and policy tools can be
employed for food waste reduction (FUSIONS, 2016; UNEP, 2014). By
examining data across 44 countries with different income levels,
Chalak et al. (2016) found that well-defined regulations were more
effective at combating household food waste generation than fiscal and
economic incentives.
The main novelty of our analysis is the use of smart nutritional (WND,

WDD) and environmental indicators at a global scale that can increase the
perceived value of wasted food. Presenting true value of wasted food is a
first step towards inducing consumers, businesses and government to take
mitigation actions. Increased perceived value of wasted food could con-
tribute to the food waste prevention because the value of food is negatively
linked with the tendency of wasting it. The total value of food in addition
to its monetary value (i.e. food price) can be attributed to the values re-
lated to quality, taste, social interaction, caring and use-occasions to food
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products (Hebrok and Heidenstrøm, 2019). Our study links the wasted
amounts of different food items by individuals of different countries with
both the nutritional security and environment-related social responsibility.
It is reported that communicating health (nutritional) benefits increases
the chances of adopting environmental mitigation actions by people in
high-income countries (Amelung et al., 2019). Rather than only presenting
environmental burden of wasted food, our nutrition combined environ-
mental analysis results can thus be useful for interventions targeting re-
duction in food waste in high-income countries.
Another main contribution of our paper to food sustainability dis-

cussions is that our analysis provides a template for future studies to
quantitatively assess the embedded nutrition and environmental value
of wasted food in a comprehensive manner. Note that past studies either
focused on a single environmental domain (e.g. water or GHG) or
limited nutrition aspect (e.g. calories, protein) only. Whereas we not
only present results for 25 nutrients and five environmental domains
but also normalize them with dietary reference intakes and planetary
boundaries respectively to get a more intuitive understanding of value
of wasted food.
Overall, our results contribute to the existing scientific efforts on

investigating the food waste behaviours across globe and generating
quantitative results that can potentially be used by policy makers to
design effective interventions to achieve the Sustainable Development
goal 12.3 on halving per capita global food waste at the retail and
consumer levels (Willet et al. 2019; Aschemann-Witzel et al., 2017;
Hebrok and Boks, 2017; Schanes et al., 2018; Thyberg and
Tonjes, 2016; Chaboud, 2017). The numbers presented here can serve
as a baseline for tracking the influence of interventions, promoting the
efficiency of policies or investments, and engaging various stakeholders
with different interests (food security, nutrition, public health, natural
resources, environmental sustainability, etc.).
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