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Objective: The aim of this study is to define a healthy and sustainable diet model

with low GHGE, fulfilling dietary requirements, and considering current Italian food

consumption patterns.

Design: A duly designed database was developed, linking food nutritional composition

and GHGE based on 921 food items consumed in Italy according to the last national

food consumption survey (INRAN-SCAI 2005–2006). Linear programming was used

to develop new diet plans separately for males and females, aged 18–60 years (n =

2,098 subjects), in order to minimize GHGE. The program is based on dietary goals and

acceptability constraints as well as on 13 nutrient requirement constraints aiming to reach

a healthy and acceptable diet for the Italian population.

Results: Diet optimization resulted in a nutritionally adequate pattern minimizing GHGE

values (4.0 vs. 1.9 kg CO2e/day for males and 3.2 vs. 1.6 kg CO2e/day for females). In

both sexes, the nutrient intake of the optimized diet was at the established lower bound

for cholesterol and calcium and at the established upper bound for free sugar and fiber.

In males, intake of zinc was at the established lower bound whereas iron was at the

established upper bound. Consumption of red meat and fruit and vegetables was at the

established lower and upper bound, respectively, in both males and females. Despite the

decrease in meat consumption, especially red meat, in the optimized diet with respect

to the observed diet, levels of iron intake in females increased by 10% (10.3 vs. 11.3

mg/day) but remained below the adequate intake established in Italian national DRIs.

Conclusions: An attainable healthy dietary pattern was developed that would lead to

the reduction of GHGE by 48% for males and by 50% for females with respect to current

food consumption in the Italian adult population. Health-promoting dietary patterns can

substantially contribute to achieve related Sustainable Development Goals.

Keywords: dietary intakes, linear programming, greenhouse gas emissions, food consumption, diet optimization,

healthy and sustainable diet, nutritional recommendations, sustainable development goals
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INTRODUCTION

An adequate and balanced diet contributes to achieve a
good state of health and to prevent chronic diseases (1, 2).
Most high-income countries, Italy among them, develop their
country-specific nutrient-based recommendations, referred to as
Dietary Reference Intake (DRIs), for assessment and planning
of adequate dietary intake (3–5). Healthy food consumption
patterns meeting these requirements can be promoted through
the development of Food-based Dietary Guidelines, which help
to maintain high consumption of local and culture-specific foods
(6, 7).

Industrialized countries are facing a wide range of diet-related
non-communicable diseases, obesity among population, and
micronutrient deficiency. Moreover, due to unbalanced dietary
profiles, the DRIs are far from being met for some key nutrients
(8). The observation of current food consumption patterns shows
that a healthier diet could be obtained in the Italian population
through an increase in consumption of vegetable source foods
such pulses, fruits, and vegetables and a decrease of consumption
of red and processed meat (9, 10).

In addition to nutrition and health considerations, there is
an increasing concern regarding the environmental impact of
food production as diets are inextricably link human health and
environmental sustainability (11). Therefore, the achievement of
the 12th Sustainable Development Goal (SDG), i.e., “responsible
consumption and production” necessarily implies changes in the
food consumption pattern. Moreover, the diet is referred to,
directly or indirectly, in many “Sustainable Development Goals”
(6), including Defeating hunger (2nd), Health and well-being
(3rd), Quality education (4th), Consumption and responsible
production (12th), and Fight against climate change (13th) (12).
Notwithstanding complexity of sustainable diets (13), more and
more countries are developing Food-Based Dietary Guidelines
that allow promoting diets that are both healthy and sustainable
(14, 15) and recently, a conceptual framework to evaluate
sustainability in dietary guidelines has been published (16). It is
indeed estimated that, globally, food system accounts for 19 to
29% of all greenhouse gas emissions (GHGE), considered to be
the principal driver of climate change (17). In Italy, emissions

from the agricultural sector (with the exclusion of energy used for
agricultural purpose) account for 6.9% of total national GHGE,
which is the second source of emissions after the energy sector
(81.8%) (18).

The goal set by the European Commission is to reduce
domestic emissions by 40% to 2030, compared to baseline
data of 1990, in order to mitigate climate change (19).
The reduction of GHGE could be achieved through changes
in food consumption habits, since production of the same

Abbreviations: AR, Average requirement; CH4, Methane; CO2, Carbon dioxide;

CO2e, Carbon dioxide equivalent; DRIs, Dietary Reference Intake values; GHGE,

Greenhouse gas emissions; GWP, Global warming potential; IARC, International

Agency for Research on Cancer; INRAN, National Research Institute for Food and

Nutrition; SCAI, Food Consumption Study in Italy; LCA, Life cycle assessment;

N2O, Nitrous oxide; PRI, Population reference intake; PUFA, Polyunsaturated

fatty acids; SDGs, Sustainable Development Goals; SFA, Saturated fatty acids;

WHO, World Health Organization.

quantities of different foods is responsible for different levels
of greenhouse gas, with livestock having the highest emission
level (20). Dietary recommendations dealing with environmental
sustainability typically focus on limiting consumption of animal-
based products (21–23). Alongside, public health authorities
recommend plant-based diets for health benefits, such as a
lower risk of non-communicable diseases (24), and a limited
amount of animal products, especially red and processed meat,
in order to decrease health risk, such as colon cancer (25). A
review of epidemiological studies on the environmental impact of
diets suggested that dietary changes aimed to reduce diet-related
GHGE may also promote health (14, 26). A research project
on food and nutrition systems has evidenced that consuming a
healthy and balanced diet increases nutrition-related parameters,
allows for stabilizing climate, increases biodiversity conservation,
reduces a little bit of productivity, but increases value added (27).

A possible approach to avail of commonalities between
healthy diets and diets with low environmental impact is to
design optimized diets in the context of multiple constraints
through linear programming. Diet optimization by linear
programming is a mathematical approach that optimizes
(minimizes or maximizes) a linear function of decision variables
while complying with multiple constraints. Use of linear
programming to solve the so-called “diet problem” in order to
find a solution joining a healthy diet and a low-cost diet started in
1945 when Jerry Cornfield started to study this topic for the Army
in the Second World War (28). Linear programming has been
used for decades for informing nutrition; in fact, diet was one of
the first problems on which optimization method was tested by
Dantzig (29). Recently several food-based dietary guidelines have
been developed based on optimized healthy diets (30).

Previous studies have also suggested that diet optimization
methods can be useful to develop a nutritionally adequate diet
with low GHGE, while maintaining the social and cultural
preferences of the population, by taking the mean population
dietary intake as the baseline (31, 32). The research focuses on
estimating a dietary pattern with low environmental impact while
maintaining the social and cultural preferences of the population
(33). Macdiarmid et al. (34) published a diet that meets dietary
requirements with low GHGE without ruling out meat or dairy
products from the diet. An interesting study (35) showed that a
theoretical vegetarian diet does not reduce GHGE more than an
optimized omnivore diet.

Another issue of diet optimization considering low GHGE
regards the need for standardized environmental data for linear
programming. In most high-income countries, including
Italy, country-specific food composition databases are
available to determine the nutrient composition of food
consumption patterns. No similar country-specific standardized
environmental food databases of GHGE are available. Studies
providing GHGE data for some foods (36, 37) do exist, but
these data are not comparable with one another, since the
methodologies are not standardized. Hence, there is a need to
integrate and to standardize an environmental food database
(38) also in Italy.

In addition, only a few studies on optimized diet minimizing
GHGE are available for Italy, since they resulted from a European
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perspective (37) or they concern some specific target groups of a
small and no representative sample (39).

The principal aim of this study was to develop an
optimized diet for the adult Italian population, thus defining
a nutritionally optimal food consumption pattern able to meet
the national DRIs and with the minimum GHGE. Then, a
linear programming approach based on the last dietary data
from INRAN-SCAI 2005–2006 food consumption database
has been applied. To this purpose, a GHGE database for
a wide range of foods items was created from literature
considering Italian specific data. The secondary aim of the
present study is to investigate the impact of an optimized
diet, likely to be low in meat and dairy products, in terms
of the coverage of requirements for selected nutrients for
which these products are important contributors in the current
Italian diet.

MATERIALS AND METHODS

Dietary Data
The survey methodology to collect the most recently published
nationwide food consumption data has been described by
Leclercq et al. (9). The national cross-sectional survey (INRAN-
SCAI 2005–2006) had been carried out by the National
Research Institute for Food and Nutrition (INRAN) on a
random sample of the Italian population. The studied sample
consisted of 3,323 individuals belonging to 1,329 households
(1,501 males and 1,822 females, aged 0.1–97.7 years). The adult
subsample analyzed in the present study was composed of 18–
60-year-old individuals (n = 2,098 subjects), a homogeneous
group of adults for the nutritional recommended range
values (4).

A 3-day semi-structured diary was used for participants
to record all their food and drink consumption in addition
to their intake of nutritional supplements and of medicines
containing nutrients.

Individual intakes of foods were calculated with the use of
the software INRAN-DIARIO version 3.1 (9). The INRAN-SCAI
2005–2006 food database included 1,119 food items and 123
dietary supplement foods. The food composition database in
terms of nutrients has been described by Sette et al. (40) and
used for the present study. The selected subset of foods for the
present analysis amounts to 921 food items, with the exclusion
of infant formula (198 food items) and dietary supplement foods
because infant population was not considered and GHGE values
for supplements are currently inconsistent.

The classification of food items was performed at the
ingredient level as reported by Leclercq et al. (9) and was
aggregated into 15 food categories and 55 subcategories.
Appendix 1 provides a description of the consumed food items.

Weighted mean nutrient content (energy, protein, total fat,
SFA, PUFA, carbohydrates, cholesterol, free and intrinsic sugars,
fiber, calcium, iron, zinc, and vitamin B12) have been calculated
by each food category and subcategory for males and females
separately. These values were standardized to 100 g in order to
be used in the linear model.

GHGE Data
GHGE values, expressed as kilograms CO2 equivalents (kg
CO2e), were identified from national and international published
Life Cycle Assessment (LCA) studies or green literature
(conference papers, project report, technical sheet) with similar
system boundaries that included food processing, distribution,
and retailing. More than 50 scientific articles were considered
to extract values of GHGE for individual foods. A summary of
GHGE literature references on food items used in the present
study is reported in Appendix 2. More than 50% of these articles
refer to studies developed in Italy. Eighteen Italian technical
sheets of environmental product declaration were used in the
calculation of GHGE of some food products (Appendix 2). The
assessment of combined impact of different greenhouse gases,
such as methane (CH4) or nitrous oxide (N2O), was achieved
using Global Warming Potential (GWP) assuming a 100-year
perspective, where the emission expressed as CO2e (Carbon
dioxide equivalent) allows one to describe different greenhouse
gases in a common unit; e.g., 1 kg of CH4 is equal to 25 kg of CO2e
and 1 kg of N2O is equal to 298 kg of CO2e (41).

A total number of 102 GHGE values of food products
named as “indicator products” was identified from the literature
(Appendix 2). Appendix 1 specifically shows the indicator
products considered for each category and subcategory. Each
indicator product for which data points identified were matched
to similar food items in the subcategory is indicated in the
footnotes. In some cases, it was considered enough that one
indicator product represented several items consumed in the
same food subcategory. For instance, orange juice GHGE value
was applied for all types of fruit and vegetable juices (e.g., nectar,
carrot juice, orange juice), or cola GHGE value from a specific
brand was applied for all types of carbonate beverages (e.g., cola,
soda, ginger ale, orange, tonic water).

Mean Values and Uncertainty Ranges of
GHGE Data
For each indicator product, the GHGE value was obtained as
the mean of the data points; then, the GHGE value for each
subcategory was calculated by averaging the GHGE values of the
component indicator products.

In addition to calculating mean values of GHGE, uncertainty
ranges were produced for this study but not used for the
optimization to address their great variability both within and
between similar food items. For example, the GHGE variation per
kilogram of food item was 0.6–2.4 kgCO2e for milk and yogurt,
1.4–12.3 kgCO2e for meat (12.3–18.6 kgCO2e for beef), and 0.8–
18.9 for cheese (2.6–9.1 kgCO2e for hard cheese). The same
principles proposed by Hartikaiinen and Pulkkinen (42) were
used and adapted for this study in order to develop a database:

• Quartiles: whenever four or more data sources from literature
were available, we used the lower quartile as the minimum
value of uncertainty range and the upper quartile as the
maximum value.

• minimum–maximum: whenever only 2–3 data sources were
available, we used minimum and maximum values.
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• unique value 50-50: if there was only one GHGE estimate, we
used −50%–+50% uncertainty range, unless the estimate was
a national evaluation, but it was considered reasonably reliable
according to international estimates of similar products; in this
case, the range was−25%–+25%.

Linear Programming Model
A linear programming model has been developed to minimize
GHGE while satisfying a set of nutritional, acceptability, and
healthy constraints. GHGE is a linear function of the 55 food
subcategory amounts (x1, x2, · · · , x55), i.e.,

GHGE =

55∑

k=1

ckxk

where ck is the GHGE per g of food category k. Diets are
constructed to minimize the objectiveGHGE, while satisfying the
following constraints.

Nutritional Constraints
Nutrient and energy constraints were derived from national
dietary reference values (4) in terms of established lower
and upper bound values for total energy, proteins, total fat,
saturated fatty acids (SFA), polyunsaturated fatty acids (PUFA),
carbohydrates, free and intrinsic sugar, cholesterol, fiber, vitamin
B12, iron, calcium, and zinc. The choice of iron, calcium, zinc,
and vitamin B12 as micronutrients was related to the fact that
their coverage in Italian diet is critical in some classes of ages and
physiological conditions, such as iron in women in childbearing
age. In addition to that, processed meat and milk products are
key sources of these micronutrients. It is therefore expected
that a lower content of these animal foods in an optimized low
carbon footprint diet might jeopardize the coverage of nutrient
requirements for these micronutrients.

Free and intrinsic sugar recommendation was defined
according to WHO (43) that considers free sugar as all sugars
added to foods or drinks by the manufacturer, cook, or consumer,
as well as sugars naturally present in honey, syrups, fruit
juices, and fruit juice concentrates. Free sugars have different
physiological significance from the so-called intrinsic sugars,
which are those incorporated within the structure of intact fruit
and vegetables, and sugars from milk (lactose and galactose).
We therefore calculated free sugar from foods such as biscuits,
cakes, snacks, milk-based desserts, yogurt with sugars, candies,
chocolates, alcoholic and soft drinks, and fruit juices and
preserved fruits with sugar excluding fresh fruits and vegetable
and milk and natural yogurts.

Different values were considered for males and females,
respectively, as shown in Tables 1, 2.

Acceptability Constraints
The mean total amount of food and beverage intake was
constrained to range between 80 and 140% of the observed mean
intake (2,281 g/day for men and 2,088 g/day for female) in order
to comply with acceptability of the diet. The upper limit was
increased with respect to the value of 120% used by Perignon et al.
(26) to compensate for total removal of some food categories such

TABLE 1 | Nutritional constraints for daily intake compared with the mean

observed diet (INRAN-SCAI 2005–2006) and the optimized diet from linear

programming model for the adult male population, 18–60 yearsa.

Established

lower and upper

bound

Observed diet Optimized diet

Nutritional

GHGEb (kgCO2e) 4.0 1.9

Energy (kcal/day) 2,400–2,460 2,406 2,400

Protein (g/day) 60–92 93.2 77.9

Total fat (% Energy) 24.5–30.8 36.0 30.5

SFAc (% Energy) 7.0–10.1 11.2 8.8

PUFAd (% Energy) 4.8–10.1 4.6 5.5

Cholesterol (mg/day) 250–300 334.0 250.0

Carbohydrates (%

Energy)

46.8–65.7 47.5 60.2

Free + intrinsic sugar (%

Energy)

10.4–16.3 13.2 14.0

Free sugar (% Energy) 4.2–5.5 7.9 5.5

Fiber (g/day) 24–26 19.5 26.0

Calcium (mg/day) 900–1,100 801.0 900.0

Iron (mg/day) 9–11 12.6 11.0

Zinc (mg/day) 11–13 12.7 11.0

Vitamin B12 (µg/day) 2–3 6.7 2.6

Alcohol (g/day) 0 13.4 0.0

Fruit and vegetables

(g/day)

400–500 423.0 500.0

Red meat (g/day) 10–30 73.0 10.0

Processed meate (g/day) 0 36.0 0.0

Cultural acceptability

Total weight of food

(g/day)

1,825–3,193

(80–140) % of the

total weight of the

mean observed

diet

2,281 2,941

fFood categories and

subcategories

5th≤ and ≤90th

percentile

calculated on the

mean observed

dieta,c

(see Table 3)

aNon-consumers included; bGreenhouse Gas Emission; cSaturated Fatty Acids;
dpolyunsatured Fatty Acids; eThe term “processed meat” refers to meat (usually red meat)

preserved by smoking, curing, or salting, or by addition of preservatives. Meat preserved

only by refrigeration, however they are cooked, are usually not classified as “processed

meat.” fExcept for pulses and fish where the quantities were established as ≥20 g/day.

as processed meat and alcoholic beverages in the diet. Moreover,
food category and subcategory quantities were constrained to
be within the 5th and the 90th percentile of the observed food
consumption. Percentiles were calculated by gender.

Healthy Constraints
In order to ensure that optimized quantities of some food groups
that are usually either promoted or restricted for a sustainable
diet are in accordance with international recommendation for
healthy diet, established lower and upper bounds were set
as constraints for fruits and vegetable and alcohol beverages
categories and for red meat and processed meat subcategories.
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TABLE 2 | Nutritional constraints for daily intake requirements compared with the

mean observed diet (INRAN-SCAI 2005–2006) and the optimized diet from linear

programming model for the adult female population, 18–60 yearsa.

Established

lower and upper

bound

Observed diet Optimized diet

Nutritional

GHGEb (kgCO2e) 3.2 1.6

Energy (kcal/day) 1,900–1,982 1,947 1,900

Protein (g/day) 52–73 76.3 67.3

Total fat (% Energy) 24.1–31.3 36.8 28.8

SFAc (% Energy) 6.4–10.4 11.4 9.2

PUFAd (% Energy) 4.5–10.4 4.7 4.7

Cholesterol (mg/day) 250–300 266.0 250.0

Carbohydrates (%

Energy)

46.0–66.7 48.7 60.7

Free + intrinsic sugar (%

Energy)

10.3–16.6 17.8 15.4

Free sugar (% Energy) 4.0–5.5 8.3 5.5

Fiber (g/day) 24–26 17.5 26.0

Calcium (mg/day) 900–1,100 729.0 900.0

Iron (mg/day) 17–19e 10.3 11.3

Zinc (mg/day) 8–10 10.6 10.0

Vitamin B12 (µg/day) 2–3 5.6 2.6

Alcohol (g/day) 4.8

Fruit and vegetables

(g/day)

400–500 420.0 500.0

Red meat (g/day) 10–30 54.0 10.0

Processed meatf (g/day) 24.0

Culturally acceptability

Total weight of food

(g/day)

1,670–2,923

(80–140)% of the

total weight of the

mean observed

diet

2,088 2,900

gFood categories and

subcategories

5th≤ and ≤90th

percentile

calculated on the

mean observed

dieta,c

(see Table 3)

aNon-consumers included; bGreenhouse Gas Emission; cSaturated Fatty Acids;
dPolyunsaturated Fatty Acids; eThis range was not used as explained in the Results

section. After the first running of the model, it was observed that the maximum value

of iron compatible with all other constraints is 11.8 g/day; fThe term “processed meat”

refers to meat (usually red meat) preserved by smoking, curing, or salting, or by addition of

preservatives. Meat preserved only by refrigeration, however they are cooked, are usually

not classified as “processed meat.” gExcept for pulses and fish for which quantities were

fixed as ≥20 g/day.

The term “red meat” refers to beef, pork, horse, lamb, and goat
from domesticated animals. The amount was calculated based
on the International Agency for Research on Cancer (IARC)
(24) recommendation for cancer prevention corresponding to
<400 g per week of raw weight of red meat. For these reasons,
the constraint used in this paper was restrictive (<30 g/day)
in consideration of the benefits for general public health
prevention in relation to other non-communicable diseases.
Fruit and vegetables do not include pulses and fruit juices. The
recommended amount for fruit and vegetable (at least 400 g/day)

is derived fromWHO/FAO (44). A zero upper limit was imposed
to the model for alcoholic beverages (45) and processed meat
according to international recommendations (24).

Moreover, a minimum intake of pulses and fish at least of
20 g/day was added in consideration of the high importance of
consumption of these food groups in the context of a balanced
diet (4, 6).

All the considered constraints were expressed as linear
functions of food subcategory amounts as follows:

lbj ≤

55∑

k=1

ajkxk ≤ubj

The values lbj and ubj define the established lower and upper
bounds for the jth constraint and ajk are either the contribution
of the food subcategories per unit weight (DRIs) or are all equal
to 1 (acceptability of total weight) or assume value 1 or 0 when
referring to constraints on single categories or subcategories (5th
and 90th percentiles or recommended values).

For the subcategory “processed meat” and the category
“alcoholic beverages,” the recommendation present in the
Italian national dietary guidelines (6) is to avoid consumption.
Therefore, the corresponding subcategories were constrained to
have a zero consumption. Despite these values being very far
from the mean, they are still realistic since the 5th percentile of
the observed consumption is equal to zero.

Statistical Analysis
Descriptive statistics (mean, 5th and 90th percentile) were

calculated for male and female separately using the Statistical
Analysis System computer software package (SAS package
version 9.01; SAS Institute Inc., Cary, NC).

Optimization was performed using the solver for
linear programming of the Optimization ToolboxTM

of Matlab R© (https://www.mathworks.com/products/
optimization.html).

RESULTS

At the first stage of application, linear programming provided
a solution for male but could not provide a solution for female
population data. This means that there exists no diet satisfying
all the constraints no matter the GHGE level. The comparison of
the sets of constraints for male and female population suggests
that infeasibility may depend on the much higher level of iron
requested for females. Removing the iron constraint makes the
model feasible. Consequently, in order to identify the highest
possible iron intake compatible with all other constraints, iron
intake was maximized while satisfying the remaining set of
nutritional, acceptability, and healthy constraints. A maximum
values of mean iron intake of 11.8 mg/day was obtained in
females. This means that a diet satisfying all the constraints (apart
that for iron) cannot have a mean intake of iron >11.8 mg/day.
Hence, the constraint on iron intake related to 17–19 mg/day (4)
was not considered (Table 2).

The model resulted into an optimized diet based on 13
nutrient constraints and well-defined acceptability constraints.
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The mean reduction of GHGE was 4.0 vs. 1.9 kg CO2e/day for
male and 3.2 vs. 1.6 kg CO2e/day for female. Tables 1, 2 show
results by males and females comparing the observed diet with
the optimized diet.

In terms of nutrients, the observed diet showed that fiber
intake for male and female resulted in covering <80% of the
recommendation in the observed diet; SFA and vitamin B12 in
both males and females and cholesterol intakes only in male
exceeded the recommended upper limits. Protein requirement
(PRI value) referred to the Italian national DRI4 and was covered
by 83% of the total sample of adults (data not shown in the table).

The optimized diets are slightly different for males and
females. In both sexes, the daily intake of the optimized diet was
at the established lower bound for cholesterol and calcium, and
at the established higher bound for free sugar and fiber. In males,
the optimized diet was also at the established lower bound for
zinc intake and at the established higher bound for iron intake.
In addition to that, the optimized diet was at the established
higher bound for fruit and vegetable consumption (500 g/day)
(Tables 1, 2) whereas redmeat was at the established lower bound
(10 g/day) in both males and females.

The daily intake for food categories and subcategories of the
optimized diet is reported in Table 3 for males and females. Nine
subcategories for males and females belonging to the “potatoes
and crisps,” “canned fruit,” “meat substitute,” “offal, blood and
their product,” “milk-based dessert and substitute,” “cacao and
cacao-based powder,” “artificial sweeteners,” “meal substitute,”
and “other fats” groups have not reached admissible solutions
because of the low consumption level by the adult sample. The
optimized diet is rich in carbohydrates, fiber, and total fat since
the intake of pasta and butter for males and potatoes, nuts, milk,
and yogurt for both males and females is very similar or equal to
the 90th percentile of observed current consumption.

The model resulted in consumption of “spices and herbs”
subcategory and “tap water” at the 90th percentile and reduced
portion of meat was established according to the healthy
constraints in the optimized diet.

Some food categories were not considered to assess the
acceptability of the optimized diet because their 90th percentile
in the observed diet was zero. This is the case for “breakfast
cereals” in males and for “potatoes crisp”, “canned fruit”, “meat
substitute and offal, blood and their products”, “milk-based
dessert”, “cacao and cacao-based powder”, “artificial sweeteners”
and “meal substitute” for both males and females.

The optimized and observed consumption of total fruit were
similar in males’ diet, with a higher proportion of “citrus fruit
and other fruits” but neither “exotic fruit” nor “fruit, canned”
in the optimized diet. The total consumption of vegetables was
higher in optimized diet vs. the observed diet, particularly due
to a higher consumption of leafy and fruiting vegetables and of
roots and onion. Consumption of processed vegetables was zero
(for both males and females) in the optimized diet.

The optimized consumption for some food subcategories
showed minor changes from the observed consumption (within
plus or minus 20% of the observed diet). It is the case, for
example, in both males and females for “fresh fish.” Conversely,
“herbal tea, tea, coffee and substitute (decaffeinate)”, volumes

decrease to the lower level at the 5th percentile. The level of meat
consumption fits the lower allowable level (5th percentile of the
population eats 40.8 g/day or more for males and 24.4 g/day or
more for females) with an increase of the quantity of poultry for
males (22.5 g/day for observed diet vs. 30.8 g/day for optimized
diet). The optimized diet includes 10.0 g/day of porkmeat in both
males and females, corresponding to the established lower bound
of the healthy constraint set for red meat.

The optimized diet resulted in the minimum recommended
intake for animal food products as fish and meat, for both males
and females. This results in trade-offs to comply with nutrient
constraints on quantities of specific nutrients. In particular, the
optimized diet limitingmeat category emphasizes the importance
of other food categories. In both males (Figure 1) and females
(Figure 2), this concerns (i) “cereals” as sources of proteins, (ii)
“beverages” as sources of calcium, and (iii) “eggs” and “milk and
yogurt” categories as sources of vitamin B12.

DISCUSSION

The present study shows how nutrient-based recommendations
proposed by national DRI (4) can be transformed into a practical
dietary advice among the Italian adult population, using a linear
programming optimizationmodel and the national dietary intake
data. To our knowledge, this is the first exercise of applying
a mathematical model for diet optimization, using national
food consumption data linked to a country-specific GHGE
database. In order to provide a healthy and acceptable diet, the
optimization, besides minimizing the GHGEs, considers various
kinds of constraints: nutrient coverage, acceptability, and health
promotion. Nutritional requirements are based on country-
specific recommendations (4) from which were derived adequate
range values for energy and nutrients intake. Acceptability
constraints on food quantities were established to ensure that the
optimized diet remained within the range of diet consumed by
the Italian population, and were introduced by limiting the food
subcategories consumption within the 5th and 90th percentiles
of the observed population data. Health constraints led to a
complete removal processed meat and alcohol from the diet since
they are classified as carcinogen in humans according to IARC
(24, 46). The issue of iron intake in optimized diet for females
requires a specific consideration. At the first stage of application
of linear programming optimization to female population data,
no solution was found. This means that there exists no diet
satisfying all the constraints no matter the GHGE level. Iron
requirement in female compared with usual intake is a critical
issue. Italian female diet is low in terms of iron intake (9), and in
some groups of population, there is evidence of moderate clinical
deficiencies (47). The reason for not obtaining a diet model
compatible with iron recommendation in females is related
to the partial incompatibility between this specific nutritional
constraint and the more general health constraint. If the red
meat constraint had been removed, a higher iron intake would
have been reached in females. The present study shows that an
acceptable diet, nutritionally adequate, and health promoting, is
also compatible with a positive mitigation of climate impact. The
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TABLE 3 | Food categories and subcategories of daily portion of the observed and optimized diets by the adult 18–60-year-old male and female populationa.

Categories Subcategories Observed diet (g/day) Optimized diet (g/day)

Males Females Males Females

5th 90th Mean 5th 90th Mean

1 Cereals, cereal products,

and substitutes

130.1 438.7 298.8 98.9 345.5 233.2 388.1 298.3

1 Bread and flour 29.6 262.8 150.2 11.9 188.0 103.9 186.7 174.9

2 Pizza 0.0 33.3 9.1 0.0 33.3 7.8 0.0c 0.0c

3 Breakfast cereals 0.0 0.0 1.0 0.0 7.0 1.9 0.0d 0.0c

4 Pasta with eggs, filled, etc. 0.0 13.5 4.5 0.0 10.8 3.3 13.5b 10.8b

5 Pasta, pasta substitute and

flour

16.7 124.7 78.4 12.4 106.1 63.5 124.7b 49.9

6 Rice 0.0 43.5 16.5 0.0 39.5 15.2 21.0 0.0c

7 Biscuits 0.0 42.2 13.8 0.0 35.3 12.6 42.2b 35.3b

8 Cakes and sweet snacks 0.0 54.9 19.7 0.0 50.0 16.2 0.0c 0.0c

9 Savory fine bakery products 0.0 20.0 5.7 0.0 27.4 9.0 0.0c 27.4b

2 Pulses 0.0 38.6 11.3 0.0 36.9 11.2 20.0 36.9b

10 Pulses, fresh or processed 0.0 38.6 11.3 0.0 36.9 11.2 20.0 36.9b

3 Vegetables 75.0 384.2 231.5 71.8 339.3 211.3 306.8 329.3

11 Leafy, fruiting and other

vegetables, fresh

35.6 301.1 167.9 37.0 271.9 157.6 248.0 271.9b

12 Roots and onions, fresh 1.1 53.6 19.7 0.3 52.8 19.1 53.6b 52.8b

13 Vegetables, processed 0.0 91.1 41.8 0.0 73.8 32.6 0.0c 0.0c

14 Spices and herbs 0.0 5.2 2.1 0.0 4.7 1.9 5.2b 4.7b

4 Potatoes and tapioca 0.0 135.9 55.0 0.0 119.3 46.6 133.0 116.8

15 Potatoes and potato-based

dishes and tapioca, excl.

crisps

0.0 133.0 54.2 0.0 117.3 46.1 133.0b 116.8

16 Potatoes crisps 0.0 0.0 0.8 0.0 0.0 0.5 0.0d 0.0d

5 Fruit 0.0 390.4 194.6 0.0 399.7 211.6 193.2 170.7

17 Citrus and stone fruits, fresh 0.0 368.3 174.0 0.0 380.0 191.5 183.9 162.3

18 Exotic fruits 0.0 66.7 17.4 0.0 58.3 17.2 0.0c 0.0c

19 Nuts, seeds, dried fruit,

olives and their products

0.0 9.3 3.1 0.0 8.4 2.6 9.3b 8.3

20 Fruit canned 0.0 0.0 0.1 0.0 0.0 0.2 0.0d 0.0d

6 Meat, meat products, and

substitutes

40.8 220.7 132.6 24.4 166.7 97.9 40.8c 24.4c

21 Beef and veal, not

preserved, excl. offal

0.0 102.3 49.5 0.0 85.5 38.0 0.0c 0.0c

22 Pork, not preserved, excl.

offal

0.0 57.6 16.4 0.0 46.7 11.5 10.0 10.0

23 Poultry and game, not

preserved, excl. offal

0.0 65.5 22.5 0.0 51.8 18.8 30.8 14.4

24 Processed meat 0.0 80.0 36.1 0.0 54.0 23.7 0.0e 0.0e

25 Other meats, not preserved,

excl. offal

0.0 33.3 6.8 0.0 0.0 4.9 0.0c 0.0d

26 Meat substitute 0.0 0.0 0.0 0.0 0.0 0.1 0.0d 0.0d

27 Offals, blood, and their

product

0.0 0.0 1.2 0.0 0.0 0.8 0.0d 0.0d

7 Fish and seafood 0.0 122.8 48.8 0.0 113.5 45.0 20.0 20.0

28 Crustaceans, shellfish,

mussels

0.0 69.0 16.6 0.0 55.2 13.4 0.0c 0.0c

29 Fish, fresh 0.0 68.2 25.0 0.0 67.9 25.5 20.0 20.0

30 Fish, preserved 0.0 23.5 7.3 0.0 22.5 6.2 0.0c 0.0c

8 Milk, milk products, and

their substitutes

21.7 345.8 177.9 24.3 345.6 194.3 311.9 345.6b

(Continued)
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TABLE 3 | Continued

Categories Subcategories Observed diet (g/day) Optimized diet (g/day)

Males Females Males Females

5th 90th Mean 5th 90th Mean

31 Milk, milk-based beverages 0.0 240.8 93.8 0.0 250.0 111.3 240.8b 250.0b

32 Yogurt and fermented milk 0.0 50.0 16.1 0.0 93.7 27.0 50.0b 92.2

33 Milk based dessert and

substitute

0.0 0.0 1.3 0.0 0.0 1.1 0.0d 0.0d

34 Cheese and substitutes 3.8 125.8 66.7 3.1 102.6 54.9 21.0 3.4

9 Oils and fats 21.5 68.1 46.0 18.2 56.9 39.0 52.1 30.4

35 Olive oil 15.3 55.1 36.6 12.6 47.3 31.3 24.0 12.6c

36 Other vegetable oil 0.0 8.8 3.2 0.0 6.7 2.7 8.8b 5.3

37 Butter, creams 0.0 14.7 4.9 0.0 12.5 4.0 14.7b 12.5b

38 Other fats 0.0 4.7 1.3 0.0 3.3 0.9 4.7b 0.0c

10 Sweet products and

substitutes

2.7 79.2 36.9 0.0 67.7 31.3 19.6 19.5

39 Ice cream, popsicle and

substitutes

0.0 33.3 11.1 0.0 33.3 8.9 2.2 8.6

40 Chocolate and substitutes 0.0 7.5 2.4 0.0 6.7 2.1 0.0c 6.7b

41 Sugar, fructose, honey, and

other nutritious sweeteners

0.0 38.3 19.6 0.0 33.8 16.2 17.3 0.0c

42 Candies, jam, and other

sweet products

0.0 10.0 3.3 0.0 13.3 3.6 0.03 4.2

43 Cacao and cacao-based

powder

0.0 0.0 0.5 0.0 0.0 0.5 0.0d 0.0d

44 Artificial sweeteners 0.0 0.0 0.0 0.0 0.0 0.1 0.0d 0.0d

11 Meal substitute 0.0 0.0 0.1 0.0 0.0 0.0 0.0d 0.0d

45 Meal substitute 0.0 0.0 0.1 0.0 0.0 0.0 0.0d 0.0d

12 Eggs 0.0 59.0 24.3 0.0 48.2 18.8 20.4 29.8

46 Eggs 0.0 59.0 24.3 0.0 48.2 18.8 20.4 29.8

13 Non-alcoholic beverages 251.2 1435.2 858.9 331.2 1478.4 888.0 1435.2b 1478.4b

47 Tap water (as such, in

beverages or recipes)

0.0 586.7 175.0 0.0 640.0 196.0 586.7b 640.0b

48 Mineral water 0.0 986.7 478.3 0.0 1040.0 498.3 841.9 836.6

49 Herbal tea, tea, coffee, and

substitutes (decaffeinated)

6.7 266.7 135.4 1.8 271.7 137.9 6.7c 1.8c

50 Fruit and vegetable juices

(without artificial sweetener)

0.0 125.0 32.0 0.0 133.3 31.2 0.0c 0.0c

51 Other soft drinks 0.0 113.3 38.1 0.0 106.7 24.6 0.0c 0.0c

14 Miscellaneous 0.0 8.0 3.3 0.0 8.0 3.3 0.0c 0.0c

52 Miscellaneous 0.0 8.0 3.3 0.0 8.0 3.3 0.0c 0.0c

15 Alcoholic beverages 0.0 386.7 161.1 0.0 173.4 56.7 0.0e 0.0e

53 Regular wine and substitute 0.0 280.1 101.4 0.0 120.1 35.6 0.0e 0.0e

54 Sweet wine, spumante,

wine-based appetizers %

liquor

0.0 13.3 4.5 0.0 0.0 2.0 0.0e 0.0e

55 Beer, cider, and substitute 0.0 166.7 55.1 0.0 66.7 19.1 0.0e 0.0e

aNon-consumers included; bPortion of food at 90th percentile; cPortion of food at 5th percentile equal to 0 except for herbal tea, coffee, and substitute; dSet to zero since both 5th and

90th percentile are equal to zero: eSet to zero in order to avoid the consumption.

climate impact of the optimized diet resulted, indeed, to be lower
than that of mean Italian dietary intake, that is, 1.9 vs. 4.0 kg
CO2e/day for males, and 1.6 vs. 3.2 kg CO2e/day for females. This
means a reduction of emissions of 43% for males and for 50%

females with acceptable changes in food consumption pattern
and attaining nutrient recommendations.

Macdiarmid et al. (34) performed a similar study on UK
female population data obtaining a 36% of GHGEs reduction
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FIGURE 1 | Percentage contribution of food categories to total intake of selected nutrients (protein, iron, calcium, and vitamin B12) in observed and optimized diet in

the male adult population.

FIGURE 2 | Percentage contribution of food categories to total intake of selected nutrients (protein, iron, calcium, and vitamin B12) in observed and optimized diet in

the female adult population.
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by imposing nutritional and acceptability constraints. Moreover,
the optimized diet required a shift from meat and high-fat and
sweet food toward fruit and vegetables as well as starchy food.
Meat consumption was reduced by 60% with respect to the
national dietary levels while the consumption of dairy products
remained unchanged.

Optimizing a diet according to the healthy constraints
determines a reduction of meat consumption that in some
cases (e.g., processed meat) implies a drastic dietary change,
a very long-term process for the population. However, our
data demonstrated that it is possible to optimize a diet
including limited quantity of red meat (10.0 g/day for
both males and females with a reduction of 85 and 80%,
respectively, with respect to currently observed levels of
consumption). The increase of poultry consumption for
males (37%), necessary for the GHGE optimization, is also
relevant from a healthy point of view (4, 6) as dietary
guidelines suggest a shift from red meat to white meat,
including poultry.

Despite the decrease in meat consumption, especially red
meat, in the optimized diet, levels of iron intake in females
increase by 10% (10.3 vs. 11.3 mg/day). This is possible because
of the increment in the intake of pulses, vegetables, and cereals
that are important food sources of iron, as observed by Sette et al.
(48). The percentage of heme iron—absorbable form without
recommended ranges of values—decreased in the diet optimized
(3%) compared to that observed (10%) (data not shown in the
table); therefore, adult females should adopt special attention
in the choice of vegetables and foods rich in dietary enhancer
(for example, vitamin C) of non-heme iron absorption (49). As
previously reported, using an iron recommendation (4) (18.0
mg/day) for females did not make it feasible to find a solution for
an optimized diet. This was a direct effect of the assumption that
optimized diet should be acceptable, meaning not too different
from the assessed habits. Italian adult females have a very low
intake of iron (Table 2), well below the recommendation, so that
calculation leading to an important increase in iron intake is not
compatible with the model.

Cheese consumption decreases 69% (males) and 90%
(females) in optimized vs. observed diet: a potential important
modification that is however in line with recommendations
considering that Italian people should reduce their consumption
from five portions per week (9) to three portions per week (4).
In the optimized diet, spices and herbs resulted in the 90th
percentile in both males and females. This result represents a
further convergence between requirements to achieve climate
change mitigation and health outcome. In fact, several food-
based dietary guidelines, including the Italians ones, pointed
out the importance of replacing salt with spices and herbs as
a strategy to reduce the incidence of high blood pressure and
related diseases. In parallel, it is recommended to vary choices

within spices and herbs in order to limit exposure to toxic

components, e.g., methyl-eugenol in basil (50), naturally present
in herbal products. This study provides a further contribution
to previously similar researches, as it fosters a healthy diet with
low GHGE without the total elimination of meat and dairy

foods from the diet. On the other hand, Italian habits are
preserved as imposed by the acceptability constraints. In fact,
the optimized diet proposes many basic foods that are usually
included in the meal of the Italian population (pasta, potatoes,
vegetables, nuts, milk, and yogurt). In addition, this study
provides an evolution of the national food consumption database
including also GHGE values for individual food processing,
distribution, and retailing. Emissions after the retail phase, such
as transports to the household, storing, and cooking, were not
included, as well as waste management. On the other hand,
a study performed in the UK estimating consumer-specific
GHGEs indicated that transport to home, storage at home,
preparation, and disposal might represent 16% of total food-
related emissions and 2.7% of all GHGE (51). GHGE data in the
present paper were developed as much as possible with country-
specific estimations; in fact, more than 50% of GHGE data
come from scientific or gray literature of heterogeneous studies,
conducted under different LCA modeling hypotheses. Anyway,
Bertoluci (38) showed that a database of GHGE values estimated
with a hybrid method, combining input/output and LCA
approaches with a dataset retrieved from literature, improves
the quality of data for building a standardized representative
national GHGE database for food products. Another possible
limitation of this study may be that data collection occurred
more than 10 years ago (2005–2006) and therefore they could
not represent correctly current Italian dietary habits. Hence,
the real effort to adopt the proposed healthy and environment
friendly diet could be greater or lower than the one estimated
in this study, depending on the increase/decrease of food
consumption in certain food groups. This study, however, has
established a valid methodology that can be used when updated
GHGE values and new national food consumption data will
be available.

Moreover, we must consider that comparing global trend at
the main food group level has shown a generalized decrease
of per-capita intakes (g/day), including meat intake, while an
increase of fish and seafood and composite (semi- or fully ready-
to-eat products) food intakes had been observed across the 1980–
1984 (52), 1994–1996 (53), and 2005–2006 (9) surveys. This
appears to confirm the feasibility of the optimization here carried
out so the results are suitable to analyze future survey results
to understand whether observed diet will converge to optimized
values or not.

The present results are in line with indicators of compliance
to policy goals for a sustainable and nutritionally valid food
system (54) also highlighted in Europe by the Food Agenda
2030 (55). This is important because, to some extent, the
paradigm of changing food system for environmental protection
is reversed considering that the first action to achieve an
impact on sustainability is to follow nutrition recommendations
(56). Analysis to foreseen food systems scenarios in 2030
and 2050 also evidenced consumers to play a central role
in shaping a future sustainable agri-food system (57, 58).
These first results encourage research in extending optimization
incorporating further aspects in a multidisciplinary concept of
diet sustainability (59, 60) and possibly food safety (61) in a
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worldwide context (62) linking nutrition and food system (63)
in benchmarking Italian dietary patterns (27, 33).

CONCLUSION

Diet optimization, using linear programming model, can
translate nutrient-based recommendations into acceptable
dietary patterns for Italian adult population determining
moreover a positive mitigation of climate impact. In particular, a
GHGE reduction of around 43% for males and 50% for females
was obtained.

The most important results of this study are the alignment
of healthy dietary patterns with climate change indicators and
an acceptable selection of foods within the eating habits having
less environmental impact while complying with nutritional
needs. In fact, evidence from this paper suggests that dietary
pattern with a reduced environmental impact in terms of
GHGE is compatible with a healthy and acceptable diet for
the Italian population; dietary patterns that adhered to dietary
guidelines (as a whole, not only in part) were more sustainable
than the population’s current mean amount of dietary pattern
intake. These results can be used as a pillar around which
optimization is extended to incorporate further aspects in a
multidisciplinary concept of diet sustainability in a country-
specific context to consider social organizations, economic
structures, and cultures.

Overall, these results support the hypothesis that
pursuing diet-related goals can substantially contribute to
achieving SDGs.
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