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Sustainability of food consumption concerns both environmental and economic issues. In fact, the United
Nations Food and Agricultural Organization defines as sustainable diets those that are protective and
respectful of ecosystems, culturally acceptable, economically affordable, besides ensuring an adequate
and healthy nutrition.

In this paper, a systematic methodology to plan menus complying with nutritional and health issues,
close to current eating habits, affordable and with low greenhouse gas emissions is presented. The
methodology relies on a multi—objective optimization model with binary variables. The objectives, that
is the greenhouse gas emissions needed to serve the menu and its price, are conflicting and therefore a
trade—off has to be established by means of the set of Pareto solutions. Any such a solution delivers a
menu in term of the recipes composing each daily meal. The application of the presented methodology to
the case of cycle menus for nursing homes is investigated. The case study shows that the menu's
environmental impact is generally in inverse proportion to its price. Nevertheless, it is possible to obtain

a menu with a significantly reduced environmental impact at an affordable extra cost.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

This study addresses the design of sustainable menus served in
facilities with service canteens, such as schools, hospices, hospitals,
companies, chain restaurants or other individual establishments.
According to the UN Food and Agricultural Organization (FAO,
2010), sustainable diets are those diets with low environmental
impacts which contribute to food and nutrition security and to
healthy life for present and future generations. Sustainable diets are
protective and respectful of biodiversity and ecosystems, culturally
acceptable, accessible, economically fair and affordable; nutrition-
ally adequate, safe and healthy. As a matter of fact, food production
and consumption heavily impact on the environment through, for
example, greenhouse gas emissions (GHGE), the use of land and
water resources, pollution, depletion of phosphorus, and the
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impact of chemical products such as herbicides and pesticides. For
example, food systems' release into the atmosphere up to 17,000
megatonnes of GHGE and agricultural production contributes 80%
to these emissions (Vermeulen et al., 2012). On the other hand, the
livestock sector alone contributes an estimated 7,100 megatonnes
of GHGE per year (Gerber et al., 2013). Consumption patterns are
then of great concern since they dictate the shape of the global food
production system. For instance, consistent evidence indicates that
a dietary pattern higher in plant-based foods (e.g., vegetables,
fruits, legumes, seeds, nuts, whole grains) and lower in animal-
based foods (especially red meat), as well as lower in total en-
ergy, is both healthier and associated with a lesser impact on the
environment (Nelson et al., 2016; DGAC SR, 2015).

These considerations call for the definition of consumption
patterns with reduced environmental impact (UNEP, 2012). Indeed,
one goal in the 2030 Agenda for Sustainable Development (UN,
2015), adopted by all United Nations Member States in 2015, is
that of ensuring sustainable consumption and production patterns.
As pointed out in this agenda, while substantial environmental
impacts from food occur in the production phase (agriculture, food
processing), households influence these impacts through their di-
etary choices and habits. As a matter of fact, quoting (Mertens et al.,
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2017), “shifting towards a more sustainable food consumption
pattern is an important strategy to mitigate climate change. In the
past decade, various studies have optimized environmentally sus-
tainable diets using different methodological approaches. In the
context of operationalizing the health aspects, diet modelling
might be considered the preferred approach since it captures the
complexity of the diet as a whole”.

In this context, the aim of this study is to define a systematic
methodology to plan menus complying with nutritional and health
issues, close to current eating habits, with low GHGE? and afford-
able. To this end, a multi—objective optimization model is devel-
oped that allows to define a cycle menu by allocating recipes, from a
given set, in the meals of each day while making a trade—off be-
tween GHGE and price. The model takes into account factors of
different nature such as the content of energy and several nutrients
(carbohydrates, proteins, fats, vitamins, minerals, ...), the level of
consumption of some selected food groups and the structure of the
meals according to people food habits. The methodology delivers a
menu in terms of the recipes composing each daily meal.

Indeed, linear programming techniques have been applied to a
variety of diet problems, from food aid, national food programmes,
and dietary guidelines to individual issues. A systematic literature
review of the application of linear programming to optimize diets
with nutritional, economic, and environmental constraints is pro-
posed in (van Dooren, 2018). The interested reader may refer to the
papers therein cited and in particular to (Donati et al., 2016;
Macdiarmid et al., 2012; Masset et al., 2009; van Dooren et al., 2015;
Wilson et al., 2013) for further information and to gain more insight
into the general problem. Basically, these works provide food plans
that best resemble current eating habits while meeting nutritional,
environmental and cost constraints. The proposed food plans pre-
scribe the level of consumption of selected food groups (such as
fruit and vegetables, dairy, meat, fish, ...) or food items (potatoes,
carrots, beans, eggs, ...) for person a day or a week. The plans are
obtained by a constrained linear optimization problem where the
variables are continuous and consist of the consumption levels of
the selected food items, the objective function to be minimized is
either the total cost or the GHGE of weekly food consumption (or a
linear combination of them), and the constraints depend on
nutritional and health issues. No practical menus are provided in
these works and only in (Macdiarmid et al., 2012) a sample weekly
menu is proposed in order to test whether the food items and the
corresponding consumption levels in the optimal food plan can be
heuristically combined into a realistic menu. Moreover, quoting
(van Dooren, 2018), “most studies use nutritional constraints and
cost constraints in the analysis of dietary problems and solutions,
but such research begin showing weaknesses under situations
featuring a small number of food items and/or nutritional con-
straints. Introducing acceptability constraints is recommended, but
no study provides the ultimate solution to calculating
acceptability”.

The methodology proposed in this paper directly provides
realistic menus taking into account accepatbility issues. To do this, a
large set of recipes with fixed serving size is considered and the
menu is the composition and the sequence of daily meals using
these recipes. Hence, the variables are binary and describe the
presence or absence of each recipe in each meal. Therefore, a more
complex optimization problem is obtained, that is a 0—1 integer
linear programming problem. Moreover, in the present work, two
conflicting priorities are considered, that is the GHGE and the price
of the menu so that a multi-objective optimization problem has to

2 GHGE here considered consists of that resulting from the life cycle assessment
at farm gate calculated as carbon dioxide equivalent (COzeq).

be solved considering the trade-off between these conflicting ob-
jectives. A similar approach, that is 0—1 integer linear programming
problem, is proposed in (Ribal et al., 2016) but a single meal per day
and a very small number of recipes are considered, so that
acceptability constraints result to be very basic. Moreover, nutri-
tional constraints are considered only over the entire menu thus
resulting unrealistic from nutritionists’ point of view. Finally, a
single-objective optimization problem is considered taking as
objective function a linear combination of the positive deviations of
GHGE and cost from a given goal, and the daily positive and
negative deviations of caloric content from given upper and lower
bounds.

The methodology proposed in this paper can be directly applied
to define menus for establishments with canteens and the case
study of a nursing home food service is presented. A two weeks
cycle menu that guarantees nutrients to be in prescribed reference
ranges, recommended levels of consumption of some selected food
groups and meals structured according to people eating habits, is
designed. As a result, the case study shows that the environmental
impact of a menu is generally in inverse proportion to its price.
Hence, environmental friendly menus are more expensive. Never-
theless, it is possible to tradeoff the menu environmental impact
with its economic one, decreasing significantly the level of GHGE
with a very low increment of price.

The paper is organized as follows: in Section 2, methods and
materials are presented. In more detail, in Section 2.1 the optimi-
zation model is illustrated by defining the objective function and
the problem constraints. The case study is illustrated in Section 2.2.
Results are presented and discussed in Section 3 and conclusions
given in Section 4.

2. Methods and materials

The main goal of this study is to define a systematic method-
ology to design menus taking into account their environmental and
economic impacts. To this end a model to describe the scheduling of
some recipes in a menu is defined. This model can handle a full-
board menu and is an extension of that presented in (Benvenuti
et al., 2016) where a single—lunch menu was considered.

2.1. The optimization model

The model describes the scheduling of recipes to be served in a
cycle menu taking into account its economic and environmental
impacts, the nutritional and health characteristics as well as
acceptability of the menu itself. The model allows to choose the
composition and the sequence of daily meals using items within a
given set composed of N different recipes with fixed serving size.
The data needed to construct the model are the nutritional values of
each recipe, its price and the quantity of greenhouse gases emitted
in the atmosphere to produce its ingredients. Therefore, a set F of
features such as price, GHGE and several nutrients (carbohydrates,
proteins, fats, vitamins, minerals, ...) is associated to each recipe
and the corresponding quantities are computed from available
databases. Nutritional recommendations are mainly defined by
suitable reference ranges on daily nutrient intakes, while health
recommendations regard reference levels of consumption for some
food groups. On the other hand, acceptability concerns meals
structure and recipe repetitions in the menu. The menu is designed
using the proposed model by optimizing the economic impact and
the environmental one and it is guaranteed to satisfy nutritional,
health and acceptability constraints. The model can handle half
board menus, full board menus or, in general, menus with a number
of Ny, meals per day. Moreover, the service can be full week, as for
example in hospitals, or workweek, as for company canteens. In
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general, the model may consider services over a number Np of days
in a week. Let us associate to each recipe a binary variable xi dw
that assumes value 1 if the recipe i €l = {1,...,N} is part of the
meal m of the day d in the week w, and 0 otherw1se The index m
takes values in a subset
Mc{breakfast, mid — morning snack, lunch, mid — afternoon snack,
dinner} while the index d takes values in a subset DC {Mon, Tue,
Wed, Thu, Fri,Sat,Sun}. Finally, the index w takes values ina set W =
{1,...,Nw} for a menu of Ny >1 weeks. Therefore, the model
produces a cycle menu represented as a tuple x = {xjﬂ‘d‘w} which
takes value in

X — {07 I}NXNMXNDXNW

2.11. Objectlve function

Let Q be the quantlty of the feature f €F of the recipe i. Then,
the feature quantity Qm 4w(*) of the meal m in the day d of the
week w is

mdwx> medw Qf (1)
iel

As a consequence, the feature quantity QZVW(X) of all the meals of

the day d in the week w is
= Qa® = 33 Knaw @ )
meM meMiel

Finally, the features quantities Q{,V(x) and Qf (x) of all the meals
in the week w and of the entire menu, respectively, are

=3, =3 > YA . 3)
deD deDmeMicl
and
f=3 Qhw=3 33 S 4,0 (4)

weWw weWdeDmeMiel

The optimal menu is supposed to minimize price and GHGE,
therefore the following multi—objective optimization problem has
to be solved:

min Q¥ (x), QH(x) ) (5)

XE7

where .7 is the feasible set including three types of constraints:
nutritional, acceptability and health constraints.

Generally, if the problem is nontrivial, the objective functions
are conflicting, that is no single solution exists that simultaneously
optimizes each objective. In this case, one has to figure out how to
balance priorities and attention must be given to Pareto optimal
solutions, that is feasible solutions that cannot be improved in any
of the objectives without degrading at least one of the others. These
solutions constitute a set known as the Pareto optimal set and the
trade—off between objectives can be made within this set, rather
than considering the full range of feasible solutions. This set can be
computed, for example, scalarizing the problem, that is defining an
appropriate sequence of single—objective optimization problems
whose optimal solutions are the Pareto optimal solutions of the
multi—objective optimization problem. A well known scalarization
method is the so called e—constraint method (Miettinen, 1998) that
consists of minimizing one objective when applying upper bounds
to all the others. In the present case, the Pareto optimal set of (5)
can be computed solving either the following problem:

min QCHCE (x) (6)
xes7’
where .7’ = .7 n{QPrice < P} with P varying in a suitable range, or
min QP (x) (7)
xe 7"

where .7" = .7 n{QCHCE < C} with C varying in a suitable range.
Note that both the objectives in the above problems are linear
function of the binary variables xm dw
2.1.2. Constraints and feasible set

Nutrition plays a crucial role in health promotion and chronic
disease prevention. To this end nutritionists and various medical
and governmental institutions provide evidence-based nutrition
information and advice for people to help them make healthy
choices about food and beverages in their daily lives. This infor-
mation mainly consists of dietary guidelines (EU DRI, 2017; US DRI,
2004) defining nutrient requirements, recommended nutrient in-
takes as well as recommended consumption level of some foods
(Nishida et al., 2004; WHO, 2015). The nutrients include energy,
proteins, carbohydrates, fats and sugars. The dietary patterns rec-
ommended in the guidelines allow taking enough of the nutrients
essential for good health and help reduce chronic health problems
such as heart disease, type 2 diabetes, some cancers and obesity.
The core recommendation for an healthy food consumption is to
eat foods like, for example, vegetables, fruits, fish and lean meats.
They also recommend limiting consumption of red meat and added
sugars as well as avoiding consumption of processed meat and
alcohol drinking. Moreover, a varied diet, that is a wide range of
different recipes, is recommended. In fact, this provides different
types and amounts of key nutrients and makes the meals more
interesting thus avoiding getting bored with diet. Finally, the diet
must be culturally acceptable taking into account as much as
possible people's eating habits. This is mainly addressed complying
with the structure of the different meals of the day and limiting
recipe repetitions in the menu.

2.1.2.1. Nutritional constraints. These constraints consist of refer-
ence ranges of energy and nutrient intakes for each meal,
depending on the type of meal, for the whole day and for an entire
week. These recommendations can then be expressed as box con-
straints over the feature quantities Q/ mdw X)), Qd (x) and QJ,(x).
Hence, according to (1), (2) and (3), the constraints are linear
functions of the binary variables x;n’de as follows:

by <> Xip g Qf < ubly (8)

iel
for any m, d and w,

< >~ > Hnaw-Qf < ubj (9)

meMiel

for any d and w, and

B, <33 Y Ky, Q] <ubl, (10)

debDmeMiel

for any w. The lower and upper bounds Ibfn, ubf lbf ubf lbf and
ubf can be derived from dietary reference values (EU DRI 2017; US
DRI, 2004). Constraints (8), (9) and (10), for all f F, define a subset
A of X.

2.1.2.2. Acceptability constraints. A common eating pattern is three
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meals — breakfast, lunch, and dinner — per day, with snacks be-
tween meals. Each meal meM can contain only a subset of the
available recipes and, depending on the country habits, has a
defined structure composed of Ny, categories: for example, in the
mediterranean area, typical lunches and dinners are composed of a
first course, a second course, a side dish, fruit and bread (i.e. Ny, =5
when m = lunch). Each one of these categories corresponds to a set
of indexes I". I, with he {1, ..., N,}. As a consequence, the con-
straints on the composition of each meal m in any day d of any week
w, can be expressed as follows:

D Xnaw=Nm, D Xhgy =1 (11)

iel iel

forall he{1,...,Nn}.

Further acceptability constraints follow from the need to pro-
pose a varied and attractive menu. To this purpose, each recipe may
be served within a minimum and a maximum number of times a
day, a week and in the whole menu. These recommendations can
then be expressed as box constraints over these rates, denoted as

i »(X), Ri(x) and Ri(x) for any i€l They can be computed as
follows:

Ry %) = D> x4 (12)
meM
Ry =Y Ry = > > Xhauw (13)
deD debDmeM
and
R= D Ry@ = > > > Xnguw (14)
wew weWdeDmeM '

Hence, for any i, according to (12), (13) and (14), acceptability
constraints are linear functions of the binary variables Xindw S
follows: '
by < >~ Xip g < ubg (15)

meM

for any d and w,

by <> S X 4 < uby, (16)

deDmeM

for any w, and

bt < Z Z Z an,d,w < ub! (17)

weWdebmeM

The lower and upper bounds Ib}, ubl;, Ibi, ubl,, Ib' and ub' can be
chosen in order to have a varied menu (Innes-Farquhar, 2000).
Constraints (11), (15), (16) and (17), for all i1, define a subset .«/ of
X.

2.1.2.3. Health constraints. These recommendations consist in
limiting or avoiding the consumption of some food groups and
increasing that of others. To take into account such a kind of rec-
ommendations, recipes must be further assigned to a set G of
specific groups such as fruit, vegetables, red meat, processed meat,
.... Each of these groups is defined by a set of indexes Ig I, withge
G. Subset I; addresses all the recipes containing a significant
quantity of the item defining group g; as an example, beef burger
and veal cutlet recipes are part of the “red meat” food group.
Health recommendations can then be expressed as box

constraints over the daily, weekly and menu rates of each group of
recipes. The rates of each group are obtained summing up the daily,
weekly and menu rates given in (12), (13) and (14) for the indexes
in the group itself. Hence, for any g<G, the constraints are the
following:

1537 3" H g < 0t (18)

ieljmeM
for any d and w,

10, < 305" 3 Mg < uby (19)

iel,deDmeM

for any w, and

BE<S" ST ST S AL g S ubf (20)

iel;,weWdeDmeM

The lower and upper bounds [b%, ub, Ibj,, ubf,, b8 and ub® can
be derived from World Health Organization dietary guidelines
(Nishida et al., 2004; WHO, 2015). Constraints (18), (19) and (20),
for all g=G, define a set 7 CX.

2.1.2.4. Feasible set. The feasible set .7 is defined by all xeX that
satisfy the nutritional, acceptability and health constraints
described above, i.e.

F = N4NANT

Some remarks are in order in the definition of .7. In fact, some
constraints are strictly interconnected: for instance, the quantity
constrained by (9) for any d, w and f, is the sum over m of the
quantities constrained by (8) for the same values of d, w and f.
Hence, the two sets of constraints are unfeasible if

STubl <t or N Ib,>ub,

meM meM

The first condition, for example, simply means that even if, for a
given feature, the maximum allowed for each meal is given, the
minimum value that must be provided in one day would not be
obtained. On the other hand, if

S ubly<ubl,  and 1B, > 16

meM meM

then the daily constraints (9) are inactive and can be suppressed.
Both the constraints being active corresponds to allow a larger
intake variation on the single meal while keeping the daily intake
closer to the recommended average.

The same kind of interconnection does exist between nutri-
tional constraints (9) and (10). Moreover, when considering the sets
of acceptability and health constraints, these interconnections arise
within each set and between the two sets as well. In fact, for
example, the quantities constrained by (16) and (18) are the sums of
those constrained by (15) over deD and over i€Ig, respectively.

The feasible set .7 is defined by linear relationships on the bi-
nary optimization variables an.d.w' Therefore, problems (6) and (7)
have a linear objective function subject to linear constraints so that
they results to be 0—1 integer linear programming problems.

2.2. Materials
The case study considered in this paper is that of designing a

two weeks cycle menu for nursing homes. The set of possible rec-
ipes is retrieved from a national sample of Italian nursing home
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menus by extracting different recipes along with the weight of their
ingredients and consists of 143 recipes.

The features considered are energy, proteins, fats, carbohydrates,
sugars, price and GHGE. Energy and nutrient contents of recipes are
calculated from their ingredients using the database of the French
Agency for Food, Environmental and Occupational Health & Safety
(CIQUAL, 2017). GHGE values are obtained from the Carbon Scope
Data LCI database using the CleanMetrics ™food carbon emission
calculator (CleanMetrics, 2011). The cost of recipes is determined
collecting the prices of their ingredients from a sample of local
stores considering the mean value price while ignoring prices on
specials.

2.2.1. Nutritional constraints

To tackle nutritional recommendations, a diet consisting of
breakfast, morning and afternoon snacks, lunch, and dinner,
equivalent to 1,800 kcal/day is considered. Nutritionists recom-
mend a distribution of the daily energy content of at least 10% from
breakfast, about 75% from lunch and dinner and the remaining 15%
from snacks (Hermengildo et al., 2016). In this case study, snacks
are chosen to be the same for each day. They include a fruit yogurt
pot (125¢g), a cup of tea and four—five biscuits (40 g) distributed
between morning and afternoon. They provide about 290 kcal, that
is about 15% of daily energy content. Consequently, the menu
consists of determining the recipes composing breakfast, lunch and
dinner for a cycle menu of two weeks. Breakfast is constrained to
provide at least 200 kcal, that is greater than 10% of daily energy
content.

Proteins, fats and carbohydrates provide the most of energy
according to percentage ranges 10 — 35%, 20 — 35%, 45— 60%,
respectively, as recommended by (LARN, 2014). Moreover, dietary
guidelines recommend daily sugar intake to be less than 20% of
energy. In this case study, proteins, fats and carbohydrates are
constrained to have an average daily content equal to 19%, 25% and
56% of daily energy content, respectively. Reference daily ranges are
then obtained considering the distribution spread of energy and
nutrient values over the set of recipes: they result in 1,800+ 10%
kcal for energy, 86+20% g for proteins, 50+20% g for fats and 269+
10% g for carbohydrates. The daily content of sugars must be less
than 93 g.

These ranges define the bounds lbz and ub{, in inequalities (9).
The minimum value of energy at breakfast defines the bound Ib,fn in
inequality (8).

In summary, inequalities (8) are considered only for energy at
breakfast while inequalities (9) are considered for energy, proteins,
fats, carbohydrates and sugars. Inequalities (10) are not considered
in this case study.

2.2.2. Acceptability constraints

The recipes are divided in different categories corresponding to
the structure of breakfast, lunch and dinner. Breakfasts must
contain exactly one recipe from the categories cereals (cornflakes,
biscuits, rusks, ...), beverages (milk, coffee, tea, juice, ...) and
sweeteners (sugar, honey, jam, ...). On the other hand, lunches and
dinners, must contain exactly one recipe in the categories first
courses (pasta, soup, rice, ...), second courses (eggs, meat, fish, ...),
side dishes (salad, tomatoes, carrots, ...), fruits and bread. These
meal structures define equalities (11). Since the mid—morning and
afternoon snacks are fixed, then no snack categories are considered.

To obtain a varied menu, recipes corresponding to first and
second courses cannot be served more than once in the entire
menu. Hence, Ib! = 0 and ub' = 1 in inequalities (17), for recipes in
such categories. As a consequence, inequalities (15) and (16) are
useless. On the other hand, since there is a limited number of side
dishes that can be served, then recipes in this category need to

appear more than once in the whole menu. Inequalities (15), (16)
and (17) are then defined in such a way that any side dish can be
provided at most once a day, twice a week and three times in the
whole menu. Same arguments hold for recipes composing
breakfasts.

2.2.3. Health constraints

The World Health Organization (WHO, 2015) discourages the
consumption of animal products, especially red and processed
meat and recommends increasing that of plant-based foods, and in
particular that of fruits, vegetables and legumes. Following these
guidelines the recipes are divided in some groups, that is pasta, rice,
soup, red meat, white meat, processed meat, fish, eggs, cheese, and
legumes® and their daily, weekly and total rates are defined. This
corresponds to set upper and lower bounds in inequalities (18), (19)
and (20). For example, recipes containing fish can be served at most
once a day, and between two and three times a week. Moreover,
they must be served at least five times in the whole menu. There-
fore, I — 0, ub*" =1, Ib5" — 2, ubflh — 3, Ipfsh — 5 and ubSh —
6. On the contrary, a limited consumption of red meat is obtained
imposing that it can be served exactly once in a week. This corre-
sponds to set [bF4Me — o, yblfd™met — 1, [pledmeat — 1 and
ub®d ™Meat _ 1, Note that inequalities (20) are useless for this group.
Similar arguments hold for recipes composing the other groups.

3. Results and discussion

First of all, the minimum GHGE and the minimum price of any
feasible menu, that is a menu satisfying the nutritional, accept-
ability and health constraints, is determined. The minimum GHGE
is obtained by solving the following problem:

mlq QGHCE (X)

and amounts to QSHF = 20,765.7 g of CO4q per person. Similarly,

the minimum price is obtained by solving the following problem:

ITIIQ Qprice (X)
XE7

and amounts to QP = 75.15 € per person. In general, the menu
attaining either Quit or QP may not be unique so that, for
example, there may be several menus that cost Q¥7:*¢ but produce
different GHGE. This can be verified by solving the following opti-

mization problems:

min QGHGE(X), max QGHGE(X)
xe7" xes"
where 7" = .7 n{QPrice — me'?;e}. The results show that there is

more than one menu with minimal price and that its GHGE is
within 26,427.2 and 27,182.2 g per person. Any of such a menu
corresponds to a point on the vertical segment A— A’ in Fig. 1 where
each feasible menu is represented by a point corresponding to its
price and the GHGE needed to serve it.

Analogously, there might be menus with different price pro-
ducing minimal emissions QSHCE. This can be verified by solving the
following optimization problems:

min QP"€(x), max QPrice (x)

xe .7 xe .7

3 Note that side dishes are all vegetable foods so that it is not necessary to
introduce a vegetable group.
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Fig. 1. Relation between the price and GHGE of optimal menus.

where 7" = 7 n{QCHCE — QCHCEY The results show that there is
more than one menu producing minimal emissions with a price
within 92.43 and 97.64 € per person. Any of such a menu corre-
sponds to a point on the horizontal segment H— H’ in Fig. 1.

These two experiments show that there does not exists a solu-
tion that simultaneously optimizes price and GHGE. Therefore, the
two objective functions are conflicting: environmental friendly
menus are more expensive, and vice versa. Then, in the case of this
study, the Pareto optimal solutions have to be computed by solving
problem (6) with 75.15 < P < 92.43.

Table 1 reports the price and the minimal GHGE corresponding
to the solution of the above problem for some selected values of the
upper bound P.

The values of Table 1 correspond to the points A, B, C, D, E, F, G
and H on the curve in Fig. 1.

It is worth noting that the same solutions can be obtained by
solving problem (7) with 20,765.7 < C < 26,427.2.

The curve in Fig. 1 represents the Pareto optimal set of the
multi—objective optimization problem (5) and represents the
trade—off between price and GHGE over feasible menus. All the
Pareto optimal menus are considered equally good from a nutri-
tional, acceptability and health point of view. Moreover, they are
mainly equivalent also with respect to the distribution of energy,
proteins, fats and carbohydrates daily contents over the 14 days of
the menu. This is clearly shown in Fig. 2 where the box plots of the

Table 1
Price and GHGE values for menus solving the optimization problem (6) for different
values of P.

P(€) price (€) CO2q (8) point
75.15 75.15 26,427.2 A
76 76.00 23,662.3 B
78 7797 22,692.2 C
81 81.00 21,996.8 D
84 84.00 21,397.9 E
87 86.99 20,983.7 F
90 89.96 20,795.4 G
92.43 92.43 20,765.7 H

distributions of energy and nutrients content over the days of the
menu are depicted for the menus corresponding to the solutions
reported in Table 1.

The distributions of sugar daily content for the menus in Table 1
are depicted in Fig. 3. As opposite to the other nutrients, the sugar
distributions differ more one to another since sugars content has a
more tolerant constraint.

Table 1 shows that the prices of the menus solving the optimi-
zation problem (6) are always very close to the maximal allowable
price P, that is the price constraint boundary. This depends on the
fact that the number of available recipes is sufficiently rich to
provide recipes with small different prices but nearly equivalent
from a nutritional point of view. In fact, menus with a small dif-
ference in price are substantially the same, that is only few recipes
are substituted with others. Table 2 reports the number of recipes
shared by each pair of optimal menus over the 210 total recipes
composing each one. Any row clearly shows that the number of
common recipes decreases as the difference in price increases.

As a consequence, the relation between GHGE and price is quite
smooth, as Fig. 1 clearly shows. Moreover, the environmental
impact of the menu is in a kind of inverse proportion to the menu
price. If the quality of a menu is evaluated only in terms of nutri-
tional and health characteristics and acceptability, then any feasible
menu obtained with the proposed model, including any Pareto
optimal menu, is equally good. Hence, if price priority is chosen,
then menus corresponding to points in the left hand side of the
curve in Fig. 1 will be considered. In particular, the best choice will
correspond to a menu at minimum price corresponding to a point
on the vertical segment A— A’ of the curve. This is the usual choice
of nursing home management that wants to reduce costs while
ensuring residents to receive a varied and healthy diet that meets
their nutritional needs. A more sustainable choice should instead
balance economic and environmental issues, as suggested by the
UN Food and Agricultural Organization (FAO, 2010). The present
study shows that this can be fruitfully made. To this end, let us
consider a menu at minimum price and the set of Pareto optimal
menus, corresponding to points on the curve. Since the curve is
very steep on the left, that is for high values of GHGE, then a small
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Fig. 3. Box plots of daily content distributions of sugar for the menus in Table 1.

increase of the menu price will determine a great decrease of the
GHGE produced to provide the menu itself. Fig. 4 shows the price

Table 2
Numbeenus.
A B C D E F G H
75.15 76.00 77.97 81.00 84.00 8699 8996 9243
A 7515 210 200 190 188 182 171 160 159
B 7600 - 210 200 197 191 179 168 163
c 7797 - - 210 205 199 185 176 171
D 8100 - - - 210 203 188 177 173
E 8400 - - - - 210 195 184 180
F 8699 - - — — — 210 198 194
G 8996 — - - — - — 210 204
H 9243 - - - - - - - 210

percentage increase and the GHGE percentage decrease for the
menus corresponding to points B, C, D and E with respect to the
menus corresponding to a point on the segment A— A'.

For instance, the choice of the menu corresponding to point B
results in a reduction of about 12 percent on GHGE but costs only 1
percent more, while that of the menu corresponding to point C
results in a reduction of about 15 percent of GHGE but costs less
than 4 percent more. If all the nursing homes in Italy would adopt
this tradeoff solution, for example to serve a menu reducing GHGE
of 15 percent, the amount of gas emissions avoided would be about
equal 30,000 tonnes of (O, per year. This can be computed
considering that the number of people in nursing homes in Italy is
about equal to 287,000, as indicated by the National Institute of
Statistics (ISTAT, 2011). In conclusion, this study suggests that the
promotion of a healthy food consumption pattern that balances
economic and environmental issues, in any facility with service
canteen, would result in a considerable reduction of greenhouse
gas emissions with an affordable extra cost.

3.1. Advantages, limitations and future research

The proposed method has some key features quite significant
from a technical point of view. The model is capable to cope with a
data—base of recipes of increased size (scalability). In other words,
more recipes and constraints can be added without affecting the
structure of the model. Moreover, recipes and constraints can be
easily adapted to deal with special diets for health conditions such
as diabetes and celiac disease or food intolerance and allergies.
Further, more objective goals describing environmental impact can
be considered besides GHGE: for example, water consumption,
food transport and packaging. On the other hand, scalability of the
model significantly impacts on the number of variables and con-
straints, thus delivering optimization problems with increasing
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Fig. 4. Price percentage increase and the GHGE percentage decrease for the menus corresponding to points B, C, D and E with respect to the menus corresponding to a point on the

segment A—.A’

size. This may produce a very long computation time to solve the
optimization problems but a more serious limitation that may
occur is the downsize of the set of feasible solutions when more
constraints are considered. In particular, as discussed in Section
2.1.2, some effort is needed to make all the constraints consistent
since, in general, they regard different features such as nutrient
contents, meals composition and recipes allowed repetitions. A
final limitation of the current study is that it considers fixed size
recipes. This allows to find feasible solutions only for suitable large
reference daily ranges for energy and nutrients. In fact, as pointed
out in Section 2.2, these ranges mainly depend on the distribution
spread of energy and nutrient values over the set of recipes and
may not be adequate to nutritionist requirements. This is the key
issue to be tackled in future research. Two different approaches can
be followed with complementary pros and cons. The first one
consists of adding a continuous variable for each recipe corre-
sponding to its size. In this case a mixed—integer optimization
problem is obtained that results in a seriously more complex
problem to solve. Moreover, the solution would provide recipes
with impractical size, that is difficult to prepare. On the other hand,
smaller reference daily ranges for energy and nutrients could be
considered to better comply with nutritionist advices. The second
approach consists of considering only appropriate modified recipe
serving sizes, like half portion and full portion. This increases the
number of binary variables but the nature of the optimization
problem remains unchanged. Moreover, the optimal solution cor-
responds to recipes with practical size. In this case, reference daily
ranges can be reduced even if they cannot be finely tuned as in the
previous approach.

4. Conclusions

The main scientific contribution of this study is that of providing
a multi—objective optimization methodology able to define a
healthy, nutritionally adequate and varied menu while making a
trade—off between its economic and environmental impact. The
method relies on a model that allows to choose the composition
and the sequence of daily meals using items within a given set of
different recipes. Hence, the proposed methodology can be used to
design not just food plans, as usually obtained using linear pro-
gramming techniques, but a true menu consisting of real dishes and

their scheduling. The data needed to implement the model are the
nutritional values of each recipe, its price and the quantity of
greenhouse gases emitted in the atmosphere to produce its in-
gredients. These data can be easily retrieved from available data-
bases. The methodology can be directly applied to define menus for
establishments such as schools, hospice, hospitals and private
companies with canteens. It guarantees nutrients to be in pre-
scribed reference ranges, recommended levels of consumption of
some selected food groups and meals structured according to
people eating habits. In this paper, the proposed methodology is
applied to the case of a full board menu of a nursing home for a
period of two full weeks. The conflicting objectives considered are
the price and the GHGE of the menu. The set of optimal menus that
represent the trade—off between the two goals, is determined by
solving a sequence of single-objective optimization problems
having GHGE as goal and different price upper bounds. It turns out
that price and GHGE are in a kind of inverse proportion and that a
sustainable choice balancing economic and environmental issues
can be fruitfully made. In fact, a considerable reduction of green-
house gas emissions is possible with a very small extra cost.
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