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Abstract

Food waste prevention and reduction are some of the important initiatives to improve the
environmental sustainability of food systems. The global agenda of the United Nations
provides a framework of targets and actions against food waste to which the European
Union (EU), within the “Farm to Fork” strategy, aims to contribute. In this context, evaluat-
ing the impacts of food prevention measures is of great importance for supporting policies.
This LCA analyzes the impact of classic lasagna from cradle to grave, through a generic
food case study, prepared by food shops in Bologna (Northern Italy). Four scenarios are
simulated, comparing the impacts of some end-of-life alternatives for the management of
leftover lasagna (landfilling, composting, and redistribution with the digital application
of the circular start-up “Squiseat”) versus the ideal scenario where no leftover lasagna is
assumed. The results show that the preparation of classic lasagna generates non-negligible
impacts on the analyzed LCA categories due to some of its ingredients, such as Bolognese
sauce and Parmigiano Reggiano, and their associated production processes. For this reason,
it is important to prevent classic lasagna leftovers from being wasted. The comparison
of the four scenarios shows that redistribution is the scenario with the lowest impacts in
all the investigated impact categories, including global warming (6.24 kg CO; eq./kg of
lasagna). The impacts are also lower than the ideal scenario due to the assumption of
more sustainable means of transport. Normalization of characterized results confirms that
Global Warming (GW) is only one of the most relevant impact categories in the life cycle of
classic lasagna. The results have practical implications for raising awareness concerning
the impacts of food production throughout the whole life cycle and the need for preserving
the value of food by avoiding waste. Moreover, this study also shows that a reduction
in the impact is a shared outcome that could be achieved by the joint efforts of all the
stakeholders involved in the life cycle of food. In this regard, urban centers are confirmed
to be important hubs of circular and more sustainable innovation. Finally, the LCA enriches
the current research by investigating redistribution through the relationship of the food
shop-virtual intermediate-consumer. So far, the prevalent focus of the LCA research allows
us to assess the redistribution of collected surplus food from retailers and its delivery to
the consumers by means of physical intermediaries and related infrastructures (e.g., food
hubs, food banks, and food emporiums).

Environments 2026, 13, 203
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1. Introduction

Preventing and reducing food waste generation is a priority for the European Union,
EU [1], and it is part of the global agenda of the United Nations Sustainable Development
Goal 12. The latter includes a specific target for food waste [2]. By 2030, global food
waste per capita at the retail and consumer stages should be substantially reduced [3]. The
achievement of this goal requires rethinking the current dominant economic and social
paradigm [4,5] and moving faster towards the adoption of alternative production and
consumption models [6,7] based on the concept of circular economy (CE) [8,9].

The EU has adopted policies and actions within the “Farm to Fork” strategy aimed at
tackling food losses and waste in the whole life cycle of food [1,10,11] and making food
systems more fair, healthy, and environmentally friendly [12,13]. This strategy promotes
the active engagement of all stakeholders, such as enterprises, consumers, policy makers,
universities, and public administrations, as well as their collective involvement [14] in
advancing a new food culture [15,16] and new circular models [17]. In regard to the latter,
cities—where most of the population lives—are important innovation centers towards cir-
cularity and sustainability [18,19], while also being places that show multiple stakeholders’
frameworks [20], best practices, and winning ways for tackling food waste generation [21].

Currently, in the EU, households are one of the most important contributors to the
generation of food waste [22]. In the year 2024, households produced 54% of total food
waste. The remaining fraction is derived from the manufacturing of food and beverages
(19%), restaurants and food services (11%), retailers and other distributors of food (8%),
and the production stage (8%). A similar distribution of the contributors to food waste
generation can be found worldwide, with households accounting for 60% of total food waste
produced, while food services, including restaurants, account for 28%, and retailers for
12% [2]. Some of the factors that drive food waste generation at the consumption stage are
the lack of adequate meal planning, the marketing offers focused on over-purchasing, and
the lack of knowledge of, or misinformation on, the impacts of food waste generation [23].
In food services, the presence of standard portions of meals in restaurants and canteens,
and difficulties related to determining the demand of consumers, actually challenge food
waste prevention [7,24].

Within the initiatives against food waste, those carried out by circular start-
ups (CSUs) are meaningful for promoting sustainable innovation [25-27] and the
move towards more circular food production systems [28,29], as well as responsible
consumption lifestyles [30,31]. CSUs in the food sector propose digital platforms for the
recovery and redistribution of food leftovers (leftover and surplus terms are used as syn-
onyms in this study) [6,32], the production and transformation of agri-food waste using
upcycled raw materials and products [32-34], platforms for helping households in pur-
chasing planning [35,36], and, finally, the adoption of zero-waste models in the culinary
sector [25].

This study will focus in particular on digital CSUs that develop platforms to re-
duce/reuse food surplus or waste by connecting food shops with consumers [35,36]. The
environmental impacts of food surplus distribution by means of the digital platforms of
CSUs will be evaluated in one of the scenarios of the life cycle assessment (LCA) applied in
this study.
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The goal of this LCA is to compare, for environmental policy purposes, a base/ideal
scenario with three scenarios for the management of surplus classic lasagna in the city of
Bologna (Emilia Romagna Region, Northern Italy), which is engaged in many initiatives to
prevent and recover food waste [36]. The previous literature has found that the impacts
on climate change and other impact categories of classic lasagna are the highest compared
to other international foods [37-39]. The previous literature [39] assessed landfilling as
the only option for the management of lasagna at the end-of-life. However, diverse op-
tions such as composting [11-22] and redistribution of food surplus [4-6] are currently
available to the disposal in landfill [17]. Furthermore, most of the current literature on
food surplus redistribution [6,40—46] has not yet assessed the environmental impacts of
scenarios involving the use of digital applications and platforms created by CSUs. Food
redistribution platforms are currently receiving growing attention from consumers [35],
while their environmental impacts and role in food waste prevention should still be further
explored [35].

Therefore, it is important to analyze digital platforms for food redistribution by means
of LCA, given their potential for rendering food systems more sustainable [4]. The novel
aspects presented in this manuscript are the following:

e  Comparison of the environmental impacts of the adoption of circular scenarios (redis-
tribution, composting, and prevention) as alternatives to landfilling for the end-of-life
management of classic lasagna [37-39];

e  Deeper assessment of the impacts of classic lasagna and its main ingredients, such
as fresh pasta, Bolognese sauce, béchamel, and Parmigiano Reggiano, to provide
environmental information about very popular food products widely consumed in
daily meals both in Italy and worldwide;

e  Analysis of the LCA impacts of food redistributed by means of a digital application,
integrating the existing LCA literature on surplus food redistributed from physical
organizations after collection from retailers (such as food hubs [6], food banks [40],
and food emporiums [42]). This LCA study is therefore an opportunity to shed light
on the organizational characteristics of digital food platforms, further enriching the
current LCA research on these topics [40—46].

This manuscript starts with an Introduction that describes the main research context,
the gaps in the literature, and the novelty of the study. Section 2 summarizes the previous
literature on LCA studies assessing the impacts of lasagna and other popular meals and
the analyzed waste management options. This LCA study will be presented over its four
main stages according to the standards ISO 14040: 2021 [47] and ISO 14044: 2022 [48]
from Section 3.2. The results of the LCA inventory and impact assessment stages will
be analyzed and interpreted in Section 4, in light of the goal and scope of the study, the
literature review, and other suggested solutions to prevent food waste at the food shop
stage [7]. It is worthwhile to note that food shops are retailers specializing in the preparation
and selling of lasagna and other meals to the final consumer.

Finally, Section 5 interprets the results. Section 5.1 discusses the environmental impacts
of classic lasagna after its preparation and possible improvements while Section 5.2 the
environmental impacts of the four modeled scenarios, Section 5.3 analyses the social
implications of each one of the modeled scenarios. Section 5.4 discusses the novelty of
this study compared to the previous LCA research on the redistribution of food surplus.
Section 6 concludes by summarizing the main results, the contribution provided to the
research in the field, its practical implications, proposals for future research, and the main
uncertainties associated with the type of collected data.
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2. Literature Review

The previous literature (summarized in Appendix A) assessed the impacts of the
production of ready-made and home-made lasagna with the aim of improving our under-
standing of the impacts of both types of lasagna [37]. Flury et al. [37] underlined that, at the
time of the study, EU consumers mainly bought ready-made lasagna for convenience, with
little attention to their impact compared to home-made lasagna. The life cycle considered
in [37] included, for the ready-made lasagna, the stages from raw materials production
to processing, preparation, distribution, consumption, and end-of-life treatments. The
home-made lasagna is prepared with ingredients bought in a supermarket, and its life
cycle differs from the life cycle of the ready-made lasagna because it does not consider the
distribution at the retail/food shop. The F.U. is the same for both types and is defined as
“the preparation of two portions (1 kg) of lasagna ready to consume in a household”.

Flury et al. [37] show that the impacts on GWP are a bit higher for the ready-made
lasagna from stores (7.5 kg CO; eq./kg of lasagna) compared to the home-made lasagna
(7.2 kg CO; eq./kg of lasagna). The ingredients in both ready-made lasagna and home-
made lasagna contribute to the total impacts with the highest share, accounting for more
than 5 kg CO; eq./per kg of lasagna provided to households, while the rest of the impacts
are concentrated in the preparation stage, as well as in distribution and selling, home
transport, and packaging, which are slightly different in the two cases. The authors have
also found that most of the food losses of ready-made lasagna in the food industry are
due to the preparation and selling stages. Ready-made lasagna may be entirely wasted
or disposed of due to production defects or the expiration date; instead, home-made
lasagna is generally consumed by households, and only a small fraction of ingredients are
wasted. The authors pointed out that both the industry and households could improve their
environmental performance by increasing efficiency and planning better for all activities.
Moreover, the impacts can be further decreased by reducing the content of meat and by
relying on an efficient cold chain [37].

Schmidt-Rivera and Azapagic [38] have investigated the impacts of ready-made meals
of different cuisines, including classic lasagna and spaghetti Bolognese, and have found
that classic lasagna is one of the meals with the highest environmental impacts to GWP,
ADP (elements and fossil), AP, and EP compared to the other meals considered in the LCA.
On the other hand, pork roast was the meal with the lowest contribution to GWP, ADP
(elements and fossil), AP, and EP. Takacs et al. [39] compared the impacts of beef, vegetarian,
vegan, and whole vegan lasagna with the impacts of chili, curry, and teriyaki based on meat
as well as vegetarian, vegan, and whole vegan. The authors have found that whole-food
vegan meals have lower impacts (GWP, FEP, TAP, and WDP) while the vegetarian and
meat-based meals resulted in three times and 14 times higher impacts than vegan meals.
The authors found evidence that the environmental impacts of the investigated meals
mainly depend on the type of ingredients used (animal-based or plant-based) rather than
on the type of cuisine (e.g., Italian, Indian, or Asian).

Moreover, other studies widen the assessment to other typical foods consumed in the
United Kingdom (UK), such as the different kinds of sandwiches. In this context, Espinosa-
Orias and Azapagic [49] assessed the carbon footprint of ready-made and home-made
sandwiches in the UK from cradle to grave. They assumed that food waste was landfilled.
The authors have found that in all the analyzed cases, the highest share of the carbon
footprint is due to the agricultural stage and the processing of the ingredients, while waste
management has a low weight in the total carbon footprint. For home-made sandwiches,
ham and cheese resulted in a lower carbon footprint (399-843.2 g CO, eq./F.U.) than
ready-made sandwiches (1349.5 g CO, eq./E.U.), with the potential advantage of reducing
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the amount of food waste since home-made sandwiches can be prepared with leftovers,
contrary to ready-made sandwiches.

The analysis of food waste impacts at restaurants also revealed important results.
Avaté and Mannheim [50] compared primary energy and impacts of eight environmental
categories of two main dishes in a Hungarian restaurant, which are also well-known in the
international cuisine (Viennese Steak and Wiener Schnitzel), on a life cycle basis from the
production stage until the end-of-life stage. For this latter evaluation, they compared three
alternatives for food waste: landfilling, incineration, and composting. Their results show
that in the life cycle of the two main dishes, the production stage generated potentially
higher impacts (to GWP, EP, MAETP, and POCP) compared to the cooking stage, also
due to the fact that the dishes are based on meat. With regard to the end-of-life options
for food waste, composting also resulted in lower impacts in terms of primary energy
consumption, compared to landfilling and incineration. Similarly, a study in Finland
analyzing the impacts of food waste (edible and inedible fractions) found that biowaste
treatment with anaerobic digestion generates higher environmental benefits than waste-to-
energy treatments [51].

Several studies investigated the impacts of catering services preparing meals for
schools, universities, and other organizations [52-54]. Campobasso et al. [52] found that
meals based on salmon and meals containing red meat potentially generate the highest
impacts to GW, eutrophication, acidification, and abiotic depletion, particularly in the
production stage [52]. This latter stage was also the most significant in terms of global
energy demand in school catering services in Northern Italy [53].

In terms of composition, a study in Sweden in two school canteens in the city of
Uppsala [54] found that most of the plate waste collected in a period of 8 days was edible
waste (94%) compared to inedible waste (5%). Moreover, the most wasted foods were
pasta, potatoes, rice, and vegetarian meals, while meat-based meals containing pork, beef,
and chicken were the least wasted. One of the meals served at the school canteens was
also red lasagna with cottage cheese. The carbon footprint of total plate waste in the two
canteens resulted in 127 kg CO, eq., which amounts to 1.0 kg CO; eq. per kg of plate waste
and 0.026 kg CO; eq. per guest. It is interesting to note that the carbon footprint of beef
meat contributed to more than 50% (54.7 kg CO, eq.) of the carbon footprint of total plate
waste (127 kg CO; eq.), while bread (1.5 kg CO; eq.), eggs, and pancakes’ contributions
(1.0 kg COy eq.) were the lowest. References, the goal of the study, and further details and
results are provided in Appendix A.

3. Materials and Methods
3.1. The Investigated Case Study

The LCA performed in this study, and the modeled scenarios with particular regard to
redistribution, have implied the collection of data useful for understanding the functioning
of the digital application developed by a CSU named “Squiseat” located in Bologna (Emilia
Romagna Region, Northern Italy), the main actors involved, the profile of the consumers,
and the environmental, economic, and social benefits. For this purpose, the research team
of this article conducted some interviews with one of the four founders and managers of
Squiseat. The collection of data from the interviews with “Squiseat” started in the year 2023
and was completed at the end of the year 2025, for further clarification. The first round
of interviews focused on the creation of the CSU and its mission [32], while the second
round of interviews collected information about the profile of the consumers/users of
Squiseat. The latter venture started in the year 2019, following the creation of the main
entrepreneurial idea based on the development of a digital application to link consumers
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food that was unsold at the end of the day.

The digital application of the CSU provides an option for the user: select the number
of preferred meals available and purchase them. Consumers can select the preferred
food and its price in a transparent way. This is a specific characteristic of the application
compared to similar ones developed by other start-ups also active in Bologna, as it provides
preferred options rather than a surprise bag. Alternatively, the user can purchase their
favorite meal in advance, allowing restaurants to better plan the amount of food to be
produced. Both solutions have the potential to reduce food waste generation. The CSU
earns a percentage of the money paid for each meal [36]. On average, the CSU receives
500 orders per month, and up until now it has sold 30,000 food portions, recovering raw
materials for an economic value of € 100,000 [36]. Currently, the CSU is in a stand-by stage,
which is useful to better understand the possible development of their activity. Other
CSUs using digital applications to recover leftover food are also active in Bologna beyond
Squiseat, such as Too Good To Go and Phenix [35].

Bologna is a good example of city that is fighting against food waste with all the
important stakeholders, such as the local municipality, the University and its spinoffs
“Last Minute Market” and the Waste Watcher International Observatory on food and
sustainability [55,56], consumers, large companies (e.g., the multiutility Hera [57]), the
Banco Alimentare Foundation [58], Cucine Popolari [59], Antoniano Canteen [60], and
other associations engaged in contributing to the reduction in food waste generation by
means of their participation in several projects. As a result of this virtuous model, the
amount per capita of food waste in Bologna is 12.5 kg compared to the national average of
20 kg [61,62].

3.2. Life Cycle Assessment

This study adopts the life cycle assessment method to investigate the environmen-
tal impacts of the life cycle of classic lasagna, as an example to understand the actual
environmental impact of food waste. The structure and procedures are regulated by the
international standards UNI EN ISO 14040:2021 [47] e UNI EN ISO 14044:2021 [48]. Each
one of the stages of this LCA study is described in the following sections.

3.2.1. Goal and Scope
The main goals of this LCA study are:

e  Assessing the impacts of classic lasagna over its whole life cycle and using the results
of this study for environmental policy purposes [13];

o  Comparing four scenarios for the management of end-of-life lasagna, with reference
to a functional unit of 1 kg of classic lasagna in its original recipe. The same F.U of
1 kg of classic lasagna has already been adopted by [37] and by studies focused on the
impacts of ready-made meals [52] and on surplus food redistribution [42]. The FU is
also the most common lasagna package, containing 4 portions for an average Italian
family. The geographical context of this study is a city (Bologna) where there is a great
awareness of the issue of food waste (start-ups, university, and administration, as
mentioned in Section 3.1 [55-60]). In more detail, three scenarios (landfilling: scenario
1; composting: scenario 2; and redistribution: scenario 4) are compared to the “ideal”
scenario 3, where lasagna prepared at the food shop is entirely consumed and sold by
the end of the day, avoiding lasagna leftovers. The choice of these scenarios reflects
both the current management of surplus food in the city of Bologna and Italy, as well
as other European and international cities and areas, as confirmed by the analyzed
literature [40-46].
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The absence of a surplus contributes to preventing food waste in shops and, more
importantly, in all the previous stages before the potential generation of the surplus. This
approach is in agreement with the previous study by Albizzati et al. [45], who compared
the environmental savings resulting from three scenarios managing food surplus in France
(current situation, anaerobic digestion, and incineration) with a fourth scenario, considered
the benchmark and the ideal situation, in which there is no surplus food to be managed as
waste and no surplus ingredient preparation in the earlier stages.

The boundaries of the system are represented in Figure 1 and start with the production
of the primary ingredients (e.g., wheat flour, eggs, beef and pig meat, milk, and others) re-
quired to make the main ingredients of the lasagna, such as the fresh pasta, Bolognese sauce,
béchamel, and Parmigiano Reggiano. Boundaries also include the preparation/cooking of
the lasagna at the food shop, its purchasing, packaging, and transport to the home for con-
sumption, and potential end-of-life management according to the four scenarios mentioned
above. The stages of each one of the four scenarios are also described in Figures 2 and 3.
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The life cycle inventory provides data and information on the classic lasagna prepa-
ration at the food shop (Section 3.2.2) and the next Section 3.2.3 those related to the four
scenarios. The latter have in common the stages leading up to the preparation of lasagna at
the food shop and differ from each other in the lasagna leftover end-of-life management.

3.2.2. Life Cycle Inventory (Stages Until Preparation of Classic Lasagna)

This stage involved the collection of the data for the LCA. The primary data regard
the local recipe of classic lasagna (data of its specific ingredients), while the secondary data
are those of the processes from the production of the ingredients of classic lasagna (e.g., the
energy data used in the farm and in the dairy for the production of Parmigiano Reggiano)
to the end-of-life of lasagna. Secondary data come from the Ecoinvent database 3.1 [63]
and the reviewed literature (the data sources are reported in all the Tables of the life cycle
inventory). The life cycle inventory is presented in Table 1 with the inputs and outputs
associated with the functional unit of 1 kg of classic lasagna. This study used the Registered
Recipe of lasagna at the Chamber of Commerce of Bologna [64]. The recipe of Bolognese
sauce is also registered at the Chamber of Commerce of Bologna [65].

Table 1. Life cycle inventory for 1 kg of classic lasagna (functional unit) prepared at the food shop of Bologna.

Processes and Input Quantity Unit EU. Data Sources and Assumptions
. Registered recipe of classic lasagna at the
Classic lasagna Tkg Chamber of Commerce of Bologna [64].
Bolognese sauce 334 g After [64].
Béchamel 333 g After [64].
Pasta 333 g After [64].
Parmigiano Reggiano 134 g After [64].
Ecoinvent 3.1. Assumed 0.03 m® of natural gas
Natural gas, low-pressure ROW 0.03 m?3 (about 30 min for cooking the pasta before
preparing the lasagna).
- Ecoinvent 3.1. Required 30 min at 180° for
Electricity, low voltage, Italy 05 kWh cooking lasagna in the oven (class A) [64].
Tap water 1.800 kg Water for boiling the pasta for the preparation

of the lasagna.
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Table 1 shows that lasagna is made with four main ingredients: Bolognese sauce,
béchamel, pasta, and Parmigiano Reggiano. Input and output of each one of the ingredients
are summarized in Tables 2-5.

The energy data for cooking the lasagna in the oven, boiling the milk for bechamel,
boiling the spinach for the pasta, and finally boiling the pasta for the lasagna have been
collected from a local energy company with headquarters near Bologna [66]. The production
processes of electricity and natural gas (low pressure) are from the Ecoinvent database 3.1.
No cut-off rules have been applied.

The ingredients of the pasta (Table 2) involve wheat flour, whose data come from
a local mill located about 40 km from Bologna (the production process of wheat is from
Ecoinvent 3.1). The egg production process data were collected for the LCA study by
Pelaracci et al. [67]. The authors analyzed the impacts of the life cycle of eggs by using, as
a case study, a farm rearing hens in the Emilia Romagna Region, modeling two scenarios
(conventional and organic). The production process of spinach comes from the Ecoinvent
database 3.1.

Table 2. Life cycle inventory for 1 kg of pasta to be used in the preparation of classic lasagna.

Processes and Input

Quantity Unit EU. Data Sources and Assumptions

Pasta

Registered recipe of classic lasagna at the

kg Chamber of Commerce of Bologna [64].

Wheat flour

Production process of wheat flour from the
data by Mill Pivetti, Sustainability Report
2023 [68]. The Mill is located at a distance of
40 km from Bologna. Processes of wheat,
electricity, water production, and transport to
Bologna from Ecoinvent 3.1.

700 g

Eggs

Production process of eggs from [67], an
organic system located in the Emilia
Romagna Region (Italy). Processes of the feed
for the hens from Ecoinvent 3.1.

180 g

Spinach (boiled)

Ecoinvent 3.1: Growing on non-perennial

350 & crops/growing of vegetables and melons.

Natural gas, low-pressure ROW 0.03 m

Assumed 0.03 m3 of natural gas (30 min for

3 boiling the spinach), Ecoinvent 3.1
(production process of natural gas, low
pressure ROW).

The production processes of the ingredients for making the Bolognese sauce (Table 3)
have been retrieved from the Ecoinvent 3.1 database and from Arrigoni et al. [69] for pig
raising. In the case of beef meat, it was assumed that beef and pigs had been raised on a
farm in the province of Bologna, which also self-produced the animal feed for the cattle
and pigs. Data for the slaughtering and refrigeration processes before selling to the food
shop have been collected from Schmidt Rivera and Azapagic [38] in the case of pigs and
Mauri [70] for cattle (LCA of slaughterhouse activity in Northern Italy).

The production process of béchamel (Table 4) used the data for wheat flour of the
above-mentioned local mill and Ecoinvent 3.1, while the data for milk and butter processes
also come from Ecoinvent 3.1.

https://doi.org/10.3390/environments13040203
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Table 3. Life cycle inventory for 1 kg of Bolognese sauce to be used in the preparation of classic lasagna.

Processes and Input Quantity Unit EU. Data Sources and Assumptions

Registered recipe of the Bolognese sauce at the

Bolognese Sauce kg Chamber of Commerce of Bologna: [65].

Ecoinvent 3.1: cattle for slaughtering (animal
Beef meat (including raising of the production/raising of cattle and buffalos). The
cattle on the farm, slaughtering, 400 data of input and output for slaughtering and
refrigeration, and transport & refrigeration per kg of product have been
to Bologna) retrieved from Schmidt Rivera and Azapagic [38]
and Mauri [70].

Pig raising process was created by using the data
by Arrigoni et al. [69] (pig farming process in
Italy) and Ecoinvent 3.1 processes for the feed,
electricity, and thermal energy. It is assumed that
150 g the farm raising the pigs is located in the
province of Bologna. The data about input and

Pig meat (including raising the
pigs on the farm, slaughtering,
refrigeration, and transport

to Bologna) output of slaughtering and refrigeration
processes per kg of product have been retrieved
from Schmidt Rivera and Azapagic [38].

. Ecoinvent 3.1: Growing on non-perennial

Onion-GLO 60 & crops/growing of vegetables and melons.
Ecoinvent 3.1: Growing on non-perennial

Carrot-GLO 60 & crops/growing of vegetables and melons.
Ecoinvent 3.1: Growing on non-perennial

Celery-GLO 60 & crops/growing of vegetables and melons.
Ecoinvent 3.1: Growing on non-perennial

Tomato-GLO 215 & crops/growing of vegetables and melons.

Skimmed milk from cow . . . .

milk-GLO 200 g Ecoinvent 3.1: Manufacturing of dairy products.
Created the process for meat cubes using

Meat cube broth 140 g Ecoinvent 3.1: Water collection, treatment and

supply, and meat cube recipe. The latter used
beef meat as the main ingredient.

Ecoinvent 3.1: Manufacture of food
Vegetable oil refined-GLO 15 g products/manufacture of vegetable and animal
oils and fats.

Assumed 0.06 m3 of natural gas for cooking per

_ 3
Natural gas, low-pressure ROW 0.36 m hour for a total of 6 h.

The data for the production of milk for Parmigiano Reggiano (Table 5) regards a local
farm in the Emilia Romagna Region with a herd of 110 cows whose diet is in agreement with
the regional regulation of Parmigiano Reggiano cheese [71]. The data on the consumption
of electricity, diesel, and water are from Lovarelli et al. [72], while the processes of feed
production (except alfa-alfa: data from Ribaudo [73]), electricity, and diesel are from
Ecoinvent 3.1. The dairy data for the production of Parmigiano Reggiano have been
collected from the energy analysis by Giovenzana et al. [74] and Caseificio Bazzanese [75].
The latter is located near Bologna.
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Table 4. Life cycle inventory for 1 kg of béchamel to be used in the preparation of classic lasagna.

Processes and Input Quantity Unit EU. Data Sources and Assumptions

Registered recipe of lasagna at the Chamber of

Béchamel kg Commerce of Bologna [64].

Created the production process of wheat flour
using the data from Mill Pivetti, Sustainability
Report 2023, pag. 16. [67]. Production process of
Wheat flour 100 g wheat from Ecoinvent 3.1. The mill is located at a
distance of 40 km from Bologna. Processes of
wheat, electricity, water production, and
transport to Bologna from Ecoinvent 3.1.

Skimmed milk from cow

milk-GLO 1030 g Ecoinvent 3.1: Manufacturing of dairy products.

Butter 200 g Ecoinvent 3.1: Manufacturing of dairy products.

Natural gas, low-pressure ROW 0.03 w3 Ecom’vent 3.1: Assumed about 30 min for cooking
the béchamel.

Assumed the transport of 10 kg of milk and 10 kg
Transport of butter and milk 0.020%20 of butter from the dairy at a distance of 20 km.
from the dairy to Bologna ' Ecoinvent 3.1: Transport freight lorry 3.5-7.5 t
metric tons EURO 6 RER.

Table 5. Life cycle inventory for 1 kg of Parmigiano Reggiano used in the preparation of classic lasagna.

Processes and Input Quantity  Unit EU. Data Sources and Assumptions

Parmigiano Reggiano 1kg

The production process of Parmigiano Reggiano requires 16 L of milk
Milk 16.48 kg for the production of 1 kg of cheese [76]. Density of milk:
1030 kg/L [77]

Ecoinvent 3.1: Electricity medium voltage IT. Consumption of
Electricity 1.791 kWh electricity and heat for Parmigiano Reggiano production processes in
dairy from Giovenzana et al. [74].

Ecoinvent 3.1: Electricity medium voltage IT. Amount of thermal
Thermal energy 4.762 kWh energy for the production of Parmigiano Reggiano in dairy from
Giovenzana et al. [74].

Ecoinvent 3.1: Transport freight lorry 3.5-7.5 t metric tons EURO 6
Transport to Bologna food shop 0.001*20 t*km Rest of Europe. Assumed a distance by 20 km for the delivery of the
cheese (1 kg) to the Bologna [75].

Milk for the production of

Parmigiano Reggiano Tkg

The herd of the farm is composed of 85 cows in lactation, 15 dry
heifers, and 10 pregnant heifers [71]. The daily diet for the cows in
lactation is 13 kg/cow /day of hay and 16 kg/cow/day of
complementary feed composed of maize, barley, sugar beet pulp,
Raising of cows for milk production wheat, and soybean, all organic in Ecoinvent 3.1. The process of hay
(alfa-alfa) was created from an Italian farm [73]. The daily diet for the
dry heifers is composed of hay (14 kg/cow/day) and complementary
feed (2 kg/cow/day), while for pregnant heifers (hay: 12.5
kg/cow/day and complementary feed: 2 kg/cow/day) [71].

The process of hay (alfa-alfa) was created using the Italian farm data

Alfa-alfa 0:56 kg from Ribaudo [73].
Barley grain, organic CH 0.11 kg Ecoinvent 3.1.
Maize grain, organic CH 0.11 kg Ecoinvent 3.1.
Soybean, organic CH 0.11 kg Ecoinvent 3.1.
Sugar beet pulp, GLO 0.11 kg Ecoinvent 3.1.
Wheat grain, organic CH 0.11 kg Ecoinvent 3.1.
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Table 5. Cont.

Processes and Input Quantity  Unit EU. Data Sources and Assumptions
- . Ecoinvent 3.1. The amount of electricity was calculated from Lovarelli
Electricity medium voltage-IT 0.04 kWh etal. [72] and Giovenzana et al. [74].
. Ecoinvent 3.1. The amount of diesel was calculated from

Diesel low sulfur-CH 0.036 kg Lovarelli et al. [72] and Giovenzana et al. [74].
Ecoinvent 3.1. The amount of water was calculated from Lovarelli et al.

Tap water-CH 257 kg [72] and Giovenzana et al. [74].
No transport is assumed because the farm has the dairy, and the milk
is used directly for the production of Parmigiano Reggiano [75].

Other output

CH, emissions (enteric fermentation) 0.0139 kg Calculation of the emissions from [69]. Ecoinvent 3.1: Methane

biogenic (emission to air/low population density).

The manure produced by the herd was calculated by Ribaudo [73]
(average 13 t/cow /year). In total, the herd of 110 cows produced
1430 t of manure per year, and it is assumed to be entirely
redistributed in the crop fields of the farm raising the herd. The
accounting of the emissions is considered a clearing entry.

3.2.3. Life Cycle Inventory of the Four Scenarios

Tables 6 and 7 summarize the input and output flows of end-of-life scenarios 1 and 2
(landfilling and composting) for classic lasagna. In both scenarios 1 and 2, it is assumed
that 0.800 kg of lasagna is purchased, transported by car, and consumed at home by the
consumer, while 0.200 kg of lasagna is not sold (surplus) at the end of the day, and the
food shop requires its disposal by means of landfilling or composting. In scenario 1, no
separated collection is performed for the packaging paper containing the lasagna, while
this is assumed in the other 3 scenarios, along with material paper recycling.

Table 6. Inventory flows for scenario 1 (landfilling) for the management of the leftover lasagna.

Inputs

Flows Amount Unit Data Sources and Assumptions

Ready-made lasagna at the food shop .

(purchased and consumed at home) 0.800 kg This study

Leftover lasagna at the food shop 0.200 kg This study

Packaging, baking kraft paper (used for the 0.024 kg Ecoinvent 3.1, Sinkko et al. [78]

lasagna sold to the consumer)

Packaging, baking kraft paper (leftover lasagna) 0.006 kg Ecoinvent 3.1, Sinkko et al. [78]

Transport by car from home to the food shop Ecoinvent 3.1 (Transport, passenger car,
: 0.800 km .

and vice versa (average values) small size)

Oven home electricity 0.400 kWh Ecoinvent 3.1 (Electricity, low voltage, Italy)

Mun1c1pa1. waste collect1on'serv1ce (leftover 0.230*14 kg*km Ecoinvent 3.1 (Waste Collection)

lasagna with paper packaging)

Municipal 501.1 d waste (leftover lasagna with 0.230 kg Ecoinvent 3.1 (Waste treatment and Disposal)

paper packaging)

Outputs

Flows Amount Unit References

Lasagna consumed at home 0.800 kg This study

Leftover lasagna not sold and landfilled 0.200 kg This study

Packaging paper disposed of in landfill 0.03 kg This study
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Table 7. Inventory flows for scenario 2 (composting) for the management of leftover lasagna.

Inputs

Flows Amount Unit Data Sources and Assumptions

Ready-made lasagna at the food shop

(purchased and consumed at home) 0-800 kg This study

Leftover lasagna at the food shop 0.200 kg This study

{’ackagmg, baking kraft paper (used for the 0.024 kg Ecoinvent 3.1 and Sinkko et al. [78]

asagna sold to the consumer)

Packaging, baking kraft paper (leftover lasagna) 0.006 kg Ecoinvent 3.1 [63] and Sinkko et al. [78]

Transport by car from home to the food shop 0.800 km Ecoinvent 3.1 [63] (Transport, passenger car, small size)

and vice versa (average values)

Oven home electricity 0.400 kWh Ecoinvent 3.1 [63] (Electricity, low voltage, Italy)

Mummpfil waste collection service to the 0.200*15 kg*km Ecoinvent 3.1 [63] (Waste collection)

composting plant of leftover lasagna

Mumt;lpal waste collect'1 on service to the 0.030*11 kg*km Ecoinvent 3.1 [63] (Waste collection)

recycling plant (packaging paper)

Packaging waste for paper recycling 0.030 kg Ecoinvent 3.1 [63] (Material recovery)

Outputs

Flows Amount Unit References

Lasagna consumed at home 0.800 kg This study

Packaging paper for recycling 0.03 kg This study

Treatment in the composting plant

Input

Flows Amount Unit Data sources and assumptions

Electricity 0.005 KWh Buratti et al. [79] a.nd Ecoinvent 3.1 [63] (electricity
medium, voltage, Italy)

Diesel 0.0002 kg Buratti et al. [79] and Ecoinvent 3.1 [63] (diesel,

low-sulfur)

Buratti et al. [79] and Ecoinvent 3.1 [63] (Waste

Municipal solid waste treatment in landfill

(refuse from the composting plant) 0.062 kg treatment and disposal)
Municipal waste collection service (refuse) N N Buratti et al. [79] and Ecoinvent 3.1 [63]
to landfill 0.062721 kgkm (Waste collection)
Outputs
Flows Amount Unit Data sources and assumptions
Lasagna treated in the composting plant 0.200 kg This study
Compost produced from leftover lasagna 0.033 kg Buratti et al. [79]
Nitrogen fertilizer N (avoided product) 0.002 kg Buratti et al. [79] and Ec.omvenF 3.1 [63] (Manufacture
of basic chemicals)
- . Buratti et al. [79] and Ecoinvent 3.1 [63] (Manufacture
Phosphate fertilizer P,Os (avoided product) 0.001 kg of basic chemicals)
Potassium sulphate KO (avoided product) 0.0008 kg Buratti et al. [79] and Ecoinvent 3.1 (Manufacture of

basic chemicals)

The life cycle inventories of scenario 3 and scenario 4 are presented in Tables 8 and 9,
respectively.
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Table 8. Inventory flows for scenario 3 (no leftover lasagna).

Inputs
Flows Amount Unit Data Sources and Assumptions
Ready-made lasagna (purchased and 1 ke This study
consumed at home)
Packaging, baking kraft paper 0.03 kg Ecoinvent 3.1 [63], Sinkko et al. [78]
Transport by car from home to the food Ecoinvent 3.1 (Transport, passenger car,

; 1 km .
shop and vice versa (average values) small size) [63]
Oven home electricity 0.50 kWh Ecoinvent 3.1 (Electricity, low voltage)
Mumgpal waste collection service to 0.03*11 kg*km Ecoinvent 3.1 (Waste collection) [63]
recycling plant
Packaging waste paper recycling 0.03 kg Ecoinvent 3.1 (Material recovery) [63]
Outputs
Flows Amount Unit Data sources and assumptions
Lasagna consumed at home 1 kg This study
Recovered packaging paper 0.03 kg This study
Avoided preparation of lasagna .
(avoided product) 0.200 kg This study

Table 9. Inventory flows for scenario 4 (redistribution of leftover lasagna).

Inputs
Flows Amount Unit Data Sources and Assumptions
Ready-made lasagna (purchased and 0.800 ke This study
consumed at home)
R.ecpstrlbutefi le.zftover lasagna with the —0.200 ke This study
digital application
Packaging, baking kraft paper 0.03 kg Ecoinvent 3.1 [63]; Sinkko et al. [78]
Oven home electricity 0.50 kWh Ecoinvent 3.1 (Electricity, low voltage) [63]
Mumgpal waste collection service to 0.03*11 kg*km Ecoinvent 3.1 (Waste collection) [63]
recycling plant
Packaging waste paper for recycling 0.03 kg Ecoinvent 3.1 (Material recovery) [63]
Avoided leftover lasagna from being treated .
in the composting plant (avoided waste) —0-200 kg This study
Outputs
Flows Amount Unit Data sources and assumptions
Lasagna consumed at home 1 kg This study
Recovered packaging paper 0.03 kg This study

Scenario 3 assumes that all the lasagna prepared in a day at the food shop is purchased
and consumed at home, while scenario 4 explores the redistribution of leftover lasagna
(0.200 kg) by means of the digital application by Squiseat. Scenario 3 does not generate
leftover lasagna, avoiding the fact that such food becomes waste, unlike in scenario 1 and
scenario 2. This implies that all the impacts before the generation of surplus lasagna are
avoided. Scenario 3 indicates in the output flows the avoided lasagna surplus impacts
(—0.200 kg) as an avoided product. Scenario 4 assumes the redistribution of leftover lasagna,
avoiding its treatment within the organic fraction in the composting plant. The avoided
composting impacts have been accounted for as avoided waste in the input of scenario
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4. Scenario 3 differs from scenario 4 in the means of transport (car versus on foot) of the
lasagna transported to the home. In scenario 4, leftover lasagna is expected to be purchased
by people who have a higher environmental awareness and ethics towards food waste
avoidance. These aspects related to the profile of the consumers in scenario 4 have emerged
during the interview with Squiseat. In line with this, people in scenario 4 purchasing the
leftover lasagna (0.200 kg) reach the food shop by walking rather than using a car. In
both scenarios, the waste paper packaging is sorted and sent to the closest recycling plant
(11 km) for material recovery.

3.2.4. Life Cycle Impact Assessment

The LCA study was performed by means of the Open LCA software (https://www.
openlca.org/download/) (accessed on 30 March 2026) coupled with the database Ecoinvent
3.1 and the ReCiPe midpoint 2016 (Hierarchist cultural approach) Environmental Impact
Assessment method [80]. The inputs and outputs from the life cycle inventory have
been assigned to all of the 18 midpoint ReCiPe impact categories in order to quantify,
through specific characterization factors, the contribution to each one of the environmental
problems (ISO 14040: 2021 [47]), e.g., particulate matter, troposphere ozone formation,
ionizing radiation, stratosphere ozone depletion, human toxicity (cancer effect), human
toxicity (non-cancer effect), GW, water use, and so on [80].

The choice behind the selection of ReCiPe (2016) midpoint indicators [80] is in agree-
ment with the goal of this study and the intended application for environmental man-
agement policy purposes [10-13]. Midpoint indicators provide information on 18 impact
categories, while the ReCiPe endpoint indicators merge the impacts of only three categories
(human health, ecosystems, and resource availability). The low number of endpoint in-
dicators could facilitate the interpretation compared to the higher number of midpoint
indicators, but this implies lower information for policy decision-making [80]. Midpoint
indicators are useful for monitoring and evaluating the pursuit of environmental sustain-
ability goals and the potential contribution of food systems to key indicators for the latter,
such as GWP, water consumption, ecotoxicity, eutrophication, fossil resource use, and
acidification [8,10,11]. These midpoint indicators are also often used in Environmental
Product Declarations by many companies in the food industry [10].

The results of this stage are presented and discussed in Section 4.

4. Results and Discussion
4.1. Environmental Impacts of 1 kg of Classic Lasagna Prepared at the Food Shop

Table 10 shows the results in terms of environmental impacts generated in the life
cycle of classic lasagna (until the preparation stage in the food shop) according to the
18 impact categories and a functional unit (FU.) equal to 1 kg of lasagna. The con-
tribution to GWP resulted in 7.26 kg CO, eq/F.U., while terrestrial acidification was
0.052 kg SO, eq/FU., freshwater eutrophication was 0.006 kg P eq./FU., fossil re-
source scarcity: 1.059 kg oil eq./F.U., water consumption: 0.150 m3/F.U., and land use:
0.167 m?a crop eq./FU.

Previous LCA studies calculated the impacts using different impact assessment meth-
ods, and for this reason, the comparison is not feasible.

Moreover, regarding the recipe of classic lasagna in this study, the ingredients and
their amounts change compared to the previous studies [38,39]. The types of ingredients
(animal-based versus plant-based) mainly influence the impacts [37-39]. Takacs et al. [39]
adopted as F.U. a single meal, while Schmidt Rivera and Azapagic [38] adopted a portion
of 360 g, and the LCA study by Flury et al. [37] provided 1 kg of lasagna to households.
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Table 10. Characterized midpoint impacts for the life cycle of 1 kg of classic lasagna prepared at the

food shop.

Name Impact Result Unit
Freshwater ecotoxicity 0.580 kg 1,4-DCB
Ozone formation, human health 0.013 kg NOx eq
Marine eutrophication 0.011 kg N eq
Water consumption 0.150 m?
Stratospheric ozone depletion 0.000 kg CFC11 eq
Freshwater eutrophication 0.006 kg Peq
Terrestrial acidification 0.052 kg SO, eq
Human carcinogenic toxicity 0.401 kg 1,4-DCB
Terrestrial ecotoxicity 9.278 kg 1,4-DCB
Global warming 7.256 kg CO; eq
Human non-carcinogenic toxicity 15.617 kg 1,4-DCB
Fossil resource scarcity 1.059 kg oil eq
Fine particulate matter formation 0.011 kg PM2.5 eq
Ozone formation, terrestrial ecosystems 0.013 kg NOx eq
Land use 0.167 m?a crop eq
Marine ecotoxicity 0.756 kg 1,4-DCB
Ionizing radiation 0.366 kBq Co-60 eq
Mineral resource scarcity 0.020 kg Cueq

Schmidt Rivera and Azapagic [38] estimated a GWP of 5 kg CO; eq./F.U, while Takacs
et al. [39] estimated a contribution to GWP of 5.78 kg CO; eq./EU. Classic lasagna [38]
and beef lasagna [39] achieved the highest contribution to GWP compared to the other
ready-made meals: pork roast in [38] and vegan curry in [39], which resulted in having a
lower contribution to GWP per F.U.

With regard to the other categories, the impacts of lasagna in [38] were some of the
highest for most of them (ADP (fossil), ADP (elements), AP, EP, and POCP) compared to
the other meals. As a result, the overall ranking was high, expressing one of the worst
performances along with spaghetti Bolognese, cottage pie, and lamb masala curry. On the
other hand, pork roast dinner was the meal that achieved the best performance, with the
lowest overall ranking of impacts. In Takacs et al. [38], in all the other impact categories (FEP,
TAP, and FDP), beef lasagna achieved the highest impacts compared to beef chili, chicken
teriyaki, and chicken curry. Instead, the difference in the impacts between whole-food
vegan lasagna and whole-based vegan curry, chili, and teriyaki is minimal. Flury et al. [37]
calculated the GWP per F.U. as well as per kg of lasagna produced at households. The
values were 7.5 and 7.2 kg CO; eq./F.U., considering both the ready-made and home-made
lasagna. There was no significant difference between the two types of lasagna.

Figure 4 (and Table 11 in more detail) shows the distribution of the total GWP impact
of lasagna among its ingredients. Parmigiano Reggiano (31.35%) and Bolognese sauce
(46.07%) mainly contribute to the total GWP impacts. The other ingredients, such as
béchamel (15.69%) and pasta (2.13%), provide a lower contribution along with the electricity
used for cooking the lasagna. The contribution is mainly due to the production process
of the ingredients in the agricultural stage, compared to the cooking of the lasagna at the
food shop. This is in agreement with the previous LCA studies that included lasagna
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amongst the investigated meals mentioned above [38,39] and LCA studies focused on other
meals such as Avaté and Mannheim [49], who also found that the upstream impacts of
the production processes are higher than at the cooking stage, using a restaurant’s two
main dishes, Viennese Steak/Wiener Schnitzel, in the analyzed Hungarian case study.
The primary production stage is also the most impactful in the whole life cycle of other
popular international foods [49,50] or meals served at school canteens [53], hospitals, and
universities [52]. The same pattern was also found in the systematic literature reviews
evaluating the impacts of food waste throughout the life cycle from the upstream to the
core and downstream stages [11-13,51].
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Figure 4. Percentage distribution of characterized GWP impacts of 1 kg of classic lasagna prepared at
the food shop.

Table 11. Breakdown percentage distribution of characterized potential environmental impacts to
GW (kg CO; eq.) for 1 kg of classic lasagna.

Contribution Process Amount kg CO; eq.
100.00% Lasagna 7.256
46.07% Bolognese sauce 3.343
41.61% giifsrgjittgr&iuf(:éznsigle)r slaughtering, refrigeration, and 3.015
1.68%  Milk production from cow 0.121
1.45%  Tomato production 0.105
1.04% Natural gas, low pressure 0.075
0.13%  Carrot production 0.009
0.12%  Celery production 0.009
0.12%  Onion production 0.008
0.01% Pig meat production after slaughtering, refrigeration, and transport 0.001

to the food shop
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Table 11. Cont.
Contribution Process Amount kg CO; eq.
31.35% Production process of Parmigiano Reggiano 2.275
23.68%  Production of milk for Parmigiano Reggiano 1.719
7.64%  Market for electricity, medium voltage-IT 0.555
0.02%  Transport, freight, lorry 3.5-7.5 metric ton, EURO6-RER 0.001
15.69% Béchamel 1.139
8.60%  Milk production, from cow-RoW 0.624
5.96%  Butter production, from cream, from cow milk-GLO 0.432
0.97%  Transport, freight, lorry 3.5-7.5 metric ton, EURO6-RER 0.071
0.09%  Market for natural gas, low-pressure RoW 0.006
0.08%  Wheat flour 0.006
4.49% Market for electricity, low voltage-IT 0.326
4.48%  Electricity voltage transformation from medium to low voltage-IT 0.325
0.01%  Market for distribution network, electricity low-voltage GLO 0.001
0.00%  Electricity production photovoltaic-IT 0.000
0.00%  Electricity production photovoltaic-IT 0.000
2.13% Pasta for lasagna 0.155
1.30%  Eggs for the pasta 0.094
0.58%  Wheat Flour 0.042
0.16%  Spinach production-GLO 0.012
0.09%  Market for natural gas, low-pressure RoW 0.006
0.26% Market for natural gas, low-pressure RoW 0.019
0.18%  Natural gas pressure reduction from high to low pressure-RoW 0.013
0.00% nMei‘rAl,(SI kff)cr; IE)g)eline, natural gas, low pressure distribution 0.000
0.00%  Market for heat, central or small-scale, natural gas-RoW 0.000
0.00% Vl\;[ia;lrllée:tfgjv }ile;e;tlflzflrétral or small-scale, natural gas—Europe 0.000
0.01% Market for tap water-CH 0.000

The analysis of the total impacts of the two main ingredients of lasagna, such as
Bolognese sauce and Parmigiano Reggiano, was performed to further understand their
impacts. The characterized impacts of 1 kg of Bolognese sauce are presented in Table 12,
showing that its life cycle generates a contribution to GWP of about 10.01 kg CO; eq./EU.,
a contribution to terrestrial acidification equal to 0.081 kg SO, eq./E.U., to fossil resource
scarcity equal to 1.107 kg oil eq./F.U., and to water impacts equal to 0.092 m3 per F.U.,
while the impacts to land use resulted in 0.360 m?a crop eq./E.U.

Table 12. Impact analysis associated with the cooking of 1 kg of Bolognese sauce.

Name Category Impact Result Unit
Freshwater ecotoxicity 1.227 kg 1,4-DCB
Ozone formation, human health 0.019 kg NOx eq
Marine eutrophication 0.009 kg N eq
Water consumption 0.092 m3
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Table 12. Cont.

Name Category Impact Result Unit
Stratospheric ozone depletion 0.000 kg CFC11 eq
Freshwater eutrophication 0.013 kgPeq
Terrestrial acidification 0.081 kg SO, eq
Human carcinogenic toxicity 0.828 kg 1,4-DCB
Terrestrial ecotoxicity 13.267 kg 1,4-DCB
Global warming 10.010 kg CO; eq
Human non-carcinogenic toxicity 24.806 kg 1,4-DCB
Fossil resource scarcity 1.107 kg oil eq
Fine particulate matter formation 0.016 kg PM2.5 eq
Ozone formation, terrestrial ecosystems 0.020 kg NOx eq
Land use 0.360 m?Za crop eq
Marine ecotoxicity 1.595 kg 1,4-DCB
Ionizing radiation 0.262 kBq Co-60 eq
Mineral resource scarcity 0.029 kg Cueq

Figure 5 also shows that in Bolognese sauce, 90% of the GWP impacts are generated by
the production process of beef meat, including the process of slaughtering, compared to the
production of the other ingredients of Bolognese sauce. The LCA by Campobasso et al. [52]
assessed the impacts of a wide range of foods composing the meals consumed in an Italian
canteen, including Ragti sauce (from cradle to grave), adopting the EPD method (combining
different impact assessment methods such as CML-IA, AWARE, and ReCiPe 2008). These
authors have found that the impacts of Ragti sauce, whose recipe should be similar to
Bolognese sauce, are: GWP equal to 4.43 kg CO, eq./F.U., acidification potential equal
to 0.12 kg SO, eq./F.U., ADP fossil equal to 29.20 MJ/F.U., and water scarcity potential
equal to 29.80 m3/F.U. There are no other recent LCA studies evaluating the impacts of
Bolognese sauce or Ragu sauce.

Table 13 shows the impacts of 1 kg of Parmigiano Reggiano cheese production. The
comparison of the impacts with previous studies [72,74,81,82] is difficult due to the differ-
ences in the functional units, impact assessment methods, and allocation choices [72,82].
This study adopted the same FU. as Giovenzana et al. [74] and Dal Pra et al. [82] of
1 kg of Parmigiano Reggiano. The results of GWP (16.97 kg CO; eq./kg of Parmi-
giano Reggiano) are in the same range as the LCA by Dal Pra et al. [82], who calculated
16 kg CO, eq. per kg of Parmigiano Reggiano, from the production of milk to the transfor-
mation in the Parmigiano Reggiano-controlled designation of origin. Borghesi et al. [81]
also used ReCiPe 2016 as one of the impact assessment methods for their LCA, but adopted
1 kg of organic fat and protein-corrected milk to produce 1 kg of organic Parmigiano
Reggiano (as a functional unit). They have found a carbon footprint ranging from 7.49 to
8.12 kg CO; eq. per kg for Parmigiano Reggiano. They have also allocated the impact of
the farming stage to milk and meat, while for the dairy process, they allocated the impacts
to whey and Parmigiano Reggiano.
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Figure 5. Percentage distribution of characterized impacts to GWP related to the cooking of Bolognese sauce.

Table 13. Characterized impacts of 1 kg of Parmigiano Reggiano production process until its use in
the food shop for the production of classic lasagna.

Impact Category Impact Result Unit
Freshwater ecotoxicity 0.148 kg 1,4-DCB
Ozone formation, human health 0.025 kg NOx eq
Marine eutrophication 0.043 kg N eq
Water consumption 0.305 m3
Stratospheric ozone depletion 0.000 kg CFC11 eq
Freshwater eutrophication 0.002 kgPeq
Terrestrial acidification 0.100 kg SO, eq
Human carcinogenic toxicity 0.166 kg 1,4-DCB
Terrestrial ecotoxicity 11.95 kg 1,4-DCB
Global warming 16.97 kg CO; eq
Human non-carcinogenic toxicity 29.31 kg 1,4-DCB
Fossil resource scarcity 2.871 kg oil eq
Fine particulate matter formation 0.020 kg PM2.5 eq
Ozone formation, terrestrial ecosystems  0.025 kg NOx eq
Land use 0.040 m?2a crop eq
Marine ecotoxicity 0.202 kg 1,4-DCB
Ionizing radiation 1.210 kBq Co-60 eq
Mineral resource scarcity 0.038 kg Cueq
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Figure 6 shows that most of the impacts for 1 kg of Parmigiano Reggiano are due to
the farming stage during the production of milk (75.55% of the total impacts) compared to
the stage of its transformation into Parmigiano Reggiano in the dairy process (24.39%) and
transport to the food shop (0.06%).
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Figure 6. GWP impacts for the production of 1 kg of Parmigiano Reggiano.

4.2. Cumulative Energy Demand for 1 kg of Classic Lasagna Until Preparation

The results for the cumulative energy demand (CED) are presented in Table 14. The
total CED is 135.77 MJ /kg of classic lasagna. The largest contribution to the CED derives
from two out of six of its components, such as the non-renewable fossil (48.33 MJ) and
renewable biomass (78.80 MJ).

Table 14. Characterized CED impacts associated with the life cycle of 1 kg of classic lasagna.

CED Category Unit Impact Results
Non-renewable, fossil M] 48.33
Non-renewable, nuclear M]J 4.19
Renewable, biomass MJ 78.80
Renewable, water MJ 2.29
Renewable, wind, solar, geothermal ~ M]J 1.13
Non-renewable, biomass M] 1.04
MJ 135.77

The analysis of the non-renewable fossil fraction in Figure 7 shows that the produc-
tion process of Parmigiano Reggiano (17.57 MJ) and Bolognese sauce (16.87 MJ) mainly
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two components account for 71.26% of the total non-renewable characterized CED impacts
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Figure 7. Contribution to the non-renewable fossil component of the CED from the ingredients and
energy inputs of classic lasagna.

4.3. Analysis of the Impacts of the Four Scenarios

Table 15 shows the results for each one of the 18 investigated impact categories of the
impact assessment method ReCiPe (2016).

Table 15. Comparison of the LCA-characterized impacts for the eighteen environmental categories
(ReCiPe, 2016) for each one of the functional units considered in this study (scenario 1 and 2: 0.800 kg
of lasagna treated in landfill or composting plant, and scenario 3 and 4: 1 kg of lasagna consumed

at home).
Scenario 2 Scenario 3 Scenario 4
. Scenario 1 (Leftover  (Leftover Lasagna (Redistribution
Unit . . (No Leftover
Lasagna to Landfill) to Composting L of Leftover
asagna)
Plant) Lasagna)
Freshwater ecotoxicity kg 1,4-DCB 0.55 0.60 0.50 0.50
Ozone formation, human health kg NOx eq 0.01 0.01 0.01 0.01
Marine eutrophication kg Neq 0.01 0.01 0.01 0.01
Water consumption m? 0.15 0.15 0.13 0.12
Stratospheric ozone depletion kg CFC11 eq 0.00 0.00 0.00 0.00
Freshwater eutrophication kg Peq 0.01 0.01 0.00 0.00
Terrestrial acidification kg SO, eq 0.05 0.05 0.04 0.04
Human carcinogenic toxicity kg 1,4-DCB 0.41 0.42 0.34 0.33
Terrestrial ecotoxicity kg 1,4-DCB 10.60 10.66 9.16 8.07
Global warming kg CO, eq 7.72 7.81 6.51 6.24
Human non-carcinogenic toxicity kg 1,4-DCB 14.99 15.77 12.99 13.03
Fossil resource scarcity kg oil eq 1.23 1.24 1.06 0.97
Fine particulate matter formation kg PM2.5 eq 0.01 0.01 0.01 0.01
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Table 15. Cont.
Scenario 2 Scenario 3 Scenario 4
. Scenario 1 (Leftover  (Leftover Lasagna (Redistribution
Unit " . (No Leftover
Lasagna to Landfill) to Composting L of Leftover
asagna)
Plant) Lasagna)
Ozone formation, terrestrial kg NOx eq 0.01 0.01 0.01 0.01
ecosystems
Land use m?a crop eq 0.17 0.17 0.14 0.13
Marine ecotoxicity kg 1,4-DCB 0.72 0.78 0.66 0.65
Ionizing radiation kBq Co-60 eq 0.43 0.43 0.37 0.36
Mineral resource scarcity kg Cueq 0.02 0.02 0.02 0.02

Scenario 2, involving the treatment of lasagna as organic waste in the composting
plant, shows the highest impacts compared to the other scenarios. However, the difference
with scenario 1 (treatment of leftover lasagna in landfill) is low, while it is more marked
with scenario 3 and scenario 4 for all the impact categories. GW achieves the highest
values in scenario 1 (7.72 kg CO; eq.) and scenario 2 (7.81 kg CO; eq.), while the impacts
reduce to 6.51 kg CO; eq. and 6.24 kg CO; eq. in scenario 3 and scenario 4, respectively.
The accounting of the avoided impacts contributes to reducing the burdens in these two
scenarios. Scenario 2 also accounts for some avoided impacts of the production of chemical
fertilizers due to the production of compost as an alternative to their use.

The results of some impact categories, including GW, are also displayed in Figure 8,
where it is possible to see that human non-carcinogenic toxicity is the category most visible
in the graph, along with GW. However, the normalized characterized results in Figure 9
show that marine ecotoxicity and freshwater ecotoxicity are the most significant impact
categories in all four scenarios, with human non-carcinogenic toxicity and GW to a lesser
extent. Figures 10-13 show the percentage contribution of each stage of the life cycle for
the most significant impact categories. In all four Figures, the stages until preparation of
lasagna have the highest share compared to the other stages, including the transport of
lasagna from and to home by the consumer (by car in scenarios 1, 2, or 3, or on foot in
scenario 4). Moreover, in scenario 3 and scenario 4, the avoided impacts are very evident.
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Figure 8. Comparison of LCA-characterized impacts across the different scenarios for the most
significant impact categories.
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Figure 9. Comparison of the normalized characterization impacts across the four scenarios.
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Figure 10. Percentage contribution of each stage of the life cycle to the total characterized LCA
midpoint impacts associated with marine ecotoxicity across the four scenarios.

The avoided impacts are the main factors contributing to the reduction in the im-
pacts and the generation of environmental savings. For marine ecotoxicity (Figure 10), in
scenarios 3 and 4, the savings amount to —0.15 kg 1,4-DCB/kg of lasagna and —0.13 kg
1,4-DCB/kg of lasagna, respectively. For freshwater ecotoxicity (Figure 11), the savings
amount to —0.12 kg 1,4-DCB/kg of lasagna (scenario 3) and —0.010 kg 1,4-DCB/kg of
lasagna (scenario 4). The total contribution to human carcinogenic toxicity (Figure 12)
decreases by 23.50% (—0.08 kg 1,4-DCB/kg of lasagna) in scenario 3 and by 23.75%
(—0.08 kg 1,4-DCB/kg of lasagna). Finally, the total impact on GW (Figure 13) reduces by
22.29% (—1.45 kg CO, eq/kg of lasagna) in scenario 3 and by 23.08% (—1.44 kg CO; eq/kg
of lasagna) in scenario 4.
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Figure 11. Percentage contribution of each stage of the life cycle to the total characterized LCA
midpoint impacts associated with freshwater ecotoxicity across the four scenarios.
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Figure 12. Percentage contribution of each stage of the life cycle to the total characterized LCA
midpoint impacts associated with human carcinogenic toxicity across the four scenarios.
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Figure 13. Percentage contribution of each stage of the life cycle to the total characterized LCA
midpoint impacts associated with GW across the four scenarios.
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5. Interpretation of the Results
5.1. The Impacts of Lasagna Until Preparation

The results show that lasagna, as a kind of fresh-filled pasta, generates higher impacts
on GW and other impact categories compared to unfilled pasta due to its rich ingredients,
such as Bolognese sauce, Parmigiano Reggiano, and béchamel, and their life cycles. With
regard to GW, Bolognese sauce and Parmigiano Reggiano account by 77% of the total
impacts of classic lasagna. This is due to the impacts of meat production for Bolognese
sauce, as well as those for the production of milk for Parmigiano Reggiano. Improvements
of the impacts of the agricultural stage for the two ingredients will have the potential
to reduce the whole life cycle impacts of lasagna. It is important to underline that the
production of Parmigiano Reggiano is also impactful because it requires a high amount
of milk (14-16 L) for 1 kg of cheese. Other types require a lower amount of milk for the
production of 1 kg of cheese, e.g., mozzarella (about 4.2 L) [83,84], pecorino (7-8 L) [85,86],
and Emmenthal from Switzerland (12 L) [87].

Further improvements in the life cycle of lasagna can be obtained by replacing meat
with other ingredients such as soy granulates and seitan, as suggested by Schmidt Rivera
and Azapagic [38], or by substituting animal-based ingredients (beef, cheese, pork, and
chicken) with vegan meat (e.g., tofu) or minimally processed vegetables, as proposed
by Takacs et al. [39]. Overall, an evaluation of less environmentally intensive recipes is
proposed [38,39] in view of the climate change issue and the possible disruptions to the
availability of the ingredients that could arise [88].

However, lasagna has a very long history and is an institution in Italian tradition
and culture. It is typically eaten at Sunday lunches or on particular occasions when there
is something to celebrate. The impacts are greater than those of other foods (e.g., pork
roast or other international meals), as found by previous studies [38,39]. The consumption
of lasagna is limited compared to durum wheat pasta [89] and egg pasta [90,91], whose
impacts are lower than those of lasagna but are consumed daily. Consequently, further
research would be needed in conjunction with the experts on the traditional recipe of the
Chamber of Commerce of Bologna in order to understand how to reduce the impacts and,
at the same time, preserve the cultural heritage of classic lasagna.

With regard to the data used, it would be important to strengthen the collection of
the primary data, particularly for beef raising, to more closely reflect the local context of
the Emilia Romagna Region. The data about milk production for Parmigiano Reggiano
are more representative since they come from case studies in the literature that collected
primary local data [71,72,74] and a previous project by the co-authors [92].

5.2. Distribution of Lasagna and Different End-of-Life Alternatives

The goal of this study was to assess the impacts of classic lasagna in the whole life cycle
and compare, for policy planning purposes, an ideal scenario where there is no generation
of lasagna surplus with three scenarios where there is a surplus of lasagna that needs to
be dealt with by the food shop. The results show that the impacts are the lowest for all
the impact categories in scenario 4, where there is a redistribution of leftover lasagna in
Bologna (0.200 kg) by means of the digital application created by the CSU Squiseat, and
consumers reach the food shop on foot and avoid using a car. The contribution to GW
ranges between 7.72 kg CO, eq. (scenario 1), 7.81 kg CO, eq. (scenario 2), 6.51 kg CO; eq.
(scenario 3), and 6.24 kg CO; eq. (scenario 4).

Both scenario 3 and scenario 4 avoid impacts of a similar magnitude. With regard
to marine ecotoxicity, the accounting of the avoided impacts in scenario 3 and scenario
4 reduces the contribution of the life cycle of lasagna by 23.04% (—0.15 kg 1,4-DCB/kg of
lasagna) and 20.04% (—0.13 kg 1,4-DCB/kg of lasagna), respectively. For GW, the avoided
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impacts mitigate the contribution by 22.29% (—1.45 kg CO, eq/kg of lasagna) in scenario 3,
while in scenario 4, they are mitigated by 23.08% (—1.44 kg CO; eq/kg of lasagna).

Previous studies showed that food recovery and redistribution of food generate net
environmental benefits [6,40-46]. The comparison with other alternatives also shows
that the environmental savings are higher for food redistribution compared to anaerobic
digestion and incineration [45]. The values of our study for GW are in the range of the
study by Albizzati et al. [45] and Damiani et al. [42], where the environmental savings
amounted to between 0.4 and 1.9 kg CO, eq/kg of surplus food.

Scenario 2 assumes the collection and treatment of leftover lasagna within the organic
fraction of the municipal collection system. Northern Italy, where Bologna is located, has
a very high separate waste collection rate (73.4% in the year 2023), and landfilling has a
marginal role compared to composting and recycling in the management of urban waste.
There is also a diffuse network of composting and recycling plants. On the contrary, in
many areas of Italy [93], the European Union [94], or in the rest of the world [95-100],
landfilling in the form of open dumps [101,102] or sanitary landfills [97,98,100] is still one
of the most adopted options for waste management [95-100]. Composting is expanding in
the replacement of landfilling, but not uniformly across the world [95,96].

Landfilling and composting options are rather destructive to the value of lasagna and
the richness of its ingredients. The outputs of the modeled composting plant in this study
are the production of compost (0.033 kg /200 g of leftover lasagna) and a non-negligible
amount of waste (0.0625 kg) to be further treated.

The redistribution of leftover lasagna by means of the digital application (scenario 4)
is then more in line with the principles of the CE that suggest maintaining the highest value
of products to the furthest possible extent and making the most of food by redistributing
surplus edible food [103].

5.3. Linking Environmental Results with Socio-Economic Implications

The environmental impacts of the whole life cycle of lasagna decrease when shifting
from scenario 1 and scenario 2 to scenarios 3 and 4. The shift also has social and economic
implications because disposal by landfilling or treatment in the composting plant are
services financed by the citizens. Both types of plants are sources of negative external
costs due to the transport activities and the operability of the plants [104,105]. In particular,
landfills generate various impacts on the local communities living in the surroundings [104].
In Italy, particularly in the Emilia Romagna Region, some policy documents provide
the concept of “environmental discomfort/hardship” [106] and use the tool of economic
compensations for the local communities living near the plants who are exposed to some
damages, such as the noise due to vehicles accessing the plants, damages to the landscape,
and olfactory impacts [107]. There are also impacts and safety risks for workers employed
in the plants [108].

Scenarios 3 and 4 avoid all these social costs in the end-of-life of lasagna, as well
as avoiding lasagna being managed as waste and thus losing its high environmental
value [109]. In the case of scenarios 3 (assuming no leftover lasagna at the end of the day),
the adoption of the digital application by Squiseat could also help food shops to better plan
the amount of meals they prepare because consumers have the option of purchasing their
favorite meals in advance. From the point of view of the food shop, this is the best scenario
since it sells all the prepared lasagna at the full price.

Scenario 4 (redistribution) is the scenario more favorable to consumers because they
can purchase lasagna at half its full price. By means of redistribution, the lasagna still
conserves all its environmental and social value for which it has been produced by the food
shop. Importantly, as a result of the interviews, consumers who buy the leftover lasagna
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have an ethic of needing to avoid food waste. The digital application by Squiseat allows
consumers to choose their favorite leftover food. The latter may not always be available
because it means lower profits for the food shop. This aspect could impact the further
scalability of Squiseat’s model, which is different from those of other food redistribution
platforms (e.g., Too Good To Go) that offer, e.g., the so-called surprise bags.

Finally, in scenario 4, the price of lasagna is reduced at the end of the day to redistribute
lasagna with the digital application. The lasagna has a higher price before it is sold with
the digital application. Our case follows the law of demand, by which there is an inverse
relation between the price and the quantity demanded by consumers. The decrease in the price
stimulates the demand in particular from consumers [110], who have a lower income, as found
also in a recent survey [29]. On the contrary, the recent literature by Heijnk and Hess [111] has
found for other types of food (e.g., fresh fruit and vegetables) that there is a negative relation
between the price and the amount of avoidable food waste since a 10% higher food price leads
to a reduction by 1% in food waste. Instead, Aureli et al. [112] found that the lower the price of
a food group is, the greater the associated amount of food wasted. Both studies investigated
fruits and vegetables that are very different from classic lasagna. The improvements in the
understanding of these factors affecting the choices and behaviors of the consumers of food
shops and redistribution with digital applications could be a matter for future research.

5.4. Comparison with Previous LCA Studies on Redistribution

Table 16 provides an overview of the recent LCA studies [40—46] in different geo-
graphical contexts that assessed the impacts of food redistribution and compared such
an option with other alternatives. Their analyses show that the prevalent methodological
frameworks comprised LCA and, only in some cases, LCC and S-LCA [6,44]. Moreover, the
redistribution option has been compared with landfilling [40,43,46] and/or with anaerobic
digestion [41,42,45,46], as well as with incineration and composting [42,46].

Overall, redistributing/donating food surplus resulted, in most of the cases, as being
the best option in environmental terms than other investigated options (in particular
with regard to landfilling) [40,43,46]. Our results confirm these patterns, showing the
environmental advantage of redistribution over landfilling and composting also for classic
lasagna as a type of stuffed pasta based on the use of meat and dairy products. Previous
LCAs are mainly centered on the analysis of surplus fruits and vegetables, except the LCA
by [42,45].

This LCA differs from most of the previous literature [40-46] because it introduces a
new perspective in the model of organization of the redistribution. The digital application
developed by the CSU Squiseat of Bologna conserves the relationship between the food
shop (retailer) and the final consumers. There is a virtual intermediate in the model
proposed in our LCA. The maintenance of the relation between the food shop and the
consumer in the redistribution of classic lasagna could provide more visibility to the retailer
and its products, compensating for the lower revenues of the redistributed surplus food
by means of the digital application. This model certainly requires further investigation
in order to assess its environmental performance compared to redistribution/donation
models mainly investigated in the literature (in Table 16). These models are certainly more
complex and involve several actors and an infrastructure for the sorting and redistribution
of surplus food collected from retailers and delivered to the final consumers.
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Table 16. Recent literature investigating and comparing redistribution of food waste with other food waste management alternatives.

Authors and Year of

transportation at the
retail gate

and endpoint indicators.

redistributes weekly food bags to
low-income people against the payment of
an annual fee.

Identified the need for assuring retailers of
more financial incentives to improve the
economic advantage of food surplus
redistribution compared to anaerobic
digestion.

Publication (from the Year EU. Impact Assessment Method Modeled Scenarios Some Results City
2026 Inwards)
The results show that fruits and vegetables,
followed by bread, have the highest share
Assessment of the environmental in the annual amount of recovered food
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Annual operations of 1 . economic, and social impacts and benefits iy . .
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Sweden considers a soup kitchen and a induced impacts, including the rebound
1r123g :;gglft:; food ReCiPe (2016) 18 midpoint food bag. The first provides cooked meals zg:z;zb?c}lgilrzspt?(c): (abrieé)l(;\;veliacstr)np ared to
Sundin et al. [41] prep indicators (hierarchist approach) | to vulnerable people, while the second one 8 §asp . Uppsala (Sweden)

Damiani et al. [42]

1 kg of surplus food
redistributed by each
emporium up to the gate

ReCiPe (2016) 18 midpoint
indicators (hierarchist approach)

Comparison of the impacts of
redistribution of surplus food recovered
from local charities to incineration,
anaerobic digestion, and composting.

Most recovered foods were fruits and
vegetables, followed by cereal derivatives,
dairy products, and lastly, meat and fish.
The assessment also shows that
redistribution generates environmental
savings to the analyzed impact categories
due to the avoidance of treating the food
surplus, particularly in the incineration
plants.

Veneto Region
(Northern Italy)
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Table 16. Cont.

Authors and Year of

Publication (from the Year EU. Impact Assessment Method Modeled Scenarios Some Results City
2026 Inwards)
Six scenarios with landfilling of zﬁiiﬁfit?;dsf;nfésssize ;?Z;el;n
non-marketed food with/without a biogas articular. to the lfasel'me laﬁ d ﬁlli’n
. S plant as two baseline scenarios. The others p A -
. 1 ton of non-marketable ReCiPe (2008) midpoint S . o scenario. The impacts for donation are 140 .
Sulis et al. [43] o are a combination of a larger fraction (80%) . - San Paulo (Brazil)
food indicators. times lower for GWP, 100 times lower for

of non-marketed food (composed of fruits
and vegetables) delivered to charities and
the remaining 20% to landfilling.

human toxicity, and 110 times lower for
metal depletion compared to the landfilling
scenario.

1 kg of redistributed
surplus food at the gate
of the retail /distributor

Bergstrom et al. [44]

Life cycle sustainability
assessment: LCA, LCC, S-LCA.

Seven scenarios involving, in each one, a
different model of redistribution
organization (soup kitchen, food bag, social
supermarket, virtual market reprocessing,
and food bag in retail) for the donation of
surplus food from retailers to target groups
of consumers, such as low-income people.

In environmental terms, the social
supermarkets and food bag centers realized
the highest environmental savings, while
the largest economic savings were achieved
by the food bag in retail. The transport to
charity scenario reached the highest
number of people in need

(low-income /no-income people).

Sweden cities

1 ton of surplus food
(wet weight) with

Ten midpoint indicators,
including GWP, TA, POF,
particulate matter, aquatic
eutrophication nitrogen, aquatic

Comparison of business-as-usual scenario
for surplus food at retail (fruits and
vegetables), including the reuse for animal

Redistribution of surplus food achieved the
highest environmental net benefits after the
prevention, compared to the other two
options.

from the supermarket

Albizzati etal. [4] packaging from the retail ~ eutrophication phosphorus, feec?l pI.‘Odu.Cthl‘I as W.el.l as th.e . Cost analysis reveals that redistribution France
> - redistribution to charities) with anaerobic .
sector in France human toxicity, cancer . . ; and/or reuse of surplus food for animal
. . . dlgestlon, incineration, and prevention .
ecotoxicity, fossil resource . feed production has lower costs compared
. . scenarios. o S .
depletion, and water depletion to anaerobic digestion and incineration.
Landfilling resulted in the option with the
highest potential impacts to GW for all five
. . . 1 types of food, while donation and anaerobic
Comparison of six scenarios (landfilling, R . .
o . . . digestion were the options with the lower
incineration, composting, anaerobic : o i
o . ; potential contribution to GW. The optimal
1 kg of food waste digestion, animal feed, and donations) for food waste management option depends on
Eriksson et al. [46] (including packaging) GWp food waste management. & b P Uppsala (Sweden)

Investigated products: wheat bread,
bananas, iceberg lettuce, grilled chicken,
and beef.

the properties of the investigated food.
Donations (—0.61 to —0.013 kg CO,e/kg
food waste) and anaerobic digestion (_0.67
to _0.047 kg CO,e/kg food waste) are the
options with the greatest potential of
reducing the contribution to GW.
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6. Conclusions

The main goal of this research was the assessment of the impacts of classic lasagna from
cradle to grave by considering some end-of-life alternatives (no leftover and redistribution
with a digital application) that were not assessed in previous LCA studies of classic lasagna
and other meals, as well as those focused on the comparison of redistribution and other end-
of-life options for surplus food management. This stream of LCA research mainly assessed
the impacts of the collection of surplus food from retailers” donors to intermediaries (food
hubs, food emporiums, and food banks) and its redistribution to final consumers. Instead, this
LCA investigated the impacts at an earlier stage and with a different organizational model
where there is still a relationship between the retailer (food shop) producing the surplus and
the final consumers, while the intermediate is virtual.

The impacts of classic lasagna until preparation at the food shop reach values, e.g., for GW,
in line with previous studies. At the end-of-life, if lasagna is not sold, this study assumed that it
is collected and treated within the municipal system to be disposed of in a landfill or treated in a
composting plant. These two scenarios generate the highest impacts on GW and on all other
18 impact categories investigated. Scenario 2 generates as output a certain amount of compost
that can be used in substitution for the chemical fertilizers, avoiding their production. These are
certainly important environmental benefits compared to landfilling.

The two scenarios (3 and 4) that avoid the lasagna surplus account for environmental
savings that are useful to reduce the impacts of the whole life cycle of classic lasagna. The
delivery of the leftover lasagna by means of the digital app by Squiseat resulted in the
best alternative and, as in scenario 3, mainly met the principles of the CE and improved
sustainability.

The results have practical implications for raising awareness concerning the impacts of food
production in its whole life cycle and the need for preserving its value to the largest possible
extent. In this regard, the digital application by Squiseat is an important tool that is useful for
the promotion of more sustainable production and consumption patterns. The impacts vary
depending on the means of transport, and for this reason, the engagement of the consumers is a
relevant factor for enhancing the impacts. This study also has implications for other cases because
digital applications of CSUs other than Squiseat for food recovery are developing internationally.

The classic lasagna is made of different ingredients that are also used in other Italian recipes
(e.g., fettuccine and egg pasta with Bolognese sauce, stuffed cannelloni, and tortellini) that are
commonly available in canteens [52-54]. The impacts of different redistribution procedures
compared to landfilling are assessed more or less in the same way as for lasagna. For this reason,
the lasagna case can be considered an example applicable to many other cases aimed at food
waste prevention and reduction.

Future research can further assess the impacts of the life cycle of classic lasagna by strength-
ening the collection of primary data, in order to better reflect the locality of the production
processes of the ingredients and reduce the uncertainties related to the data used for the LCA.
The use of secondary data is the main source of uncertainty in this study and may have affected
the calculated impacts. However, comparing the results of this study with the previous literature
shows that the impacts of classic lasagna in its life cycle (in particular in the preparation phase)
match the order of magnitude of previously investigated typologies of food, mainly depending
(as also found by the literature) on the type of ingredients (animal-based such as beef and
pig meat, and cheese) used in the recipe of classic lasagna [38,39]. Future research may also
investigate redistribution scenarios with the digital application by integrating the comparison
with other types of meals and foods.

https://doi.org/10.3390/environments13040203


https://doi.org/10.3390/environments13040203

Environments 2026, 13, 203

32 of 40

Author Contributions: Conceptualization, P.G. and S.U.; methodology, P.G. and S.U; software, P.G.;
validation, S.U.; formal analysis, P.G.; investigation, P.G.; data curation, P.G.; visualization, P.G. and
Y.L.; writing—original draft preparation, P.G.; writing—review and editing, P.G., Y.L., 1.Q., R.P,, and
S.U.; supervision, S.U.; funding acquisition, R.P. All authors have read and agreed to the published
version of the manuscript.

Funding: The research presented in this study has received funding from the Research Project of
Relevant National Interest INSPIRE: Digital Innovation EcoSystem DeveloPment for the Circular
Economy: the startups’ perspective CUPI53D23006150001.

Data Availability Statement: The original contributions presented in the study are mainly included
in the article; further requests can be directed to the corresponding author.

Acknowledgments: The authors sincerely thank Amos Ncube for his useful suggestions and the
anonymous reviewers for their very valuable and accurate review work.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
List of acronyms used in the manuscript.

Acronym  Full term
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CSUs Circular start-ups
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LCA Life cycle assessment

FU. Functional unit

GWP Global warming potential

GW Global warming

FEP Freshwater eutrophication potential
TEP Terrestrial acidification potential
WDP Water depletion potential

ADP Abiotic depletion potential

AP Acidification potential

EP Eutrophication potential

POCP Photochemical ozone formation potential
CED Cumulative energy demand

CH Switzerland

GLO Geographical Location Global

IT Italy

ROW Rest of the World

RER Regions of Europe
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Appendix A

Table Al. Recent literature investigating the impacts of classic lasagna and other meals and their waste treatment options.

Authors and Year of Publication

Goal of the Study Functional Unit (EU.)

Results

Campobasso et al. [51]

Analysis of the environmental impacts of a catering
service providing meals to hospitals, schools, and
universities in the Puglia Region (Italy). The final goal is
improving the awareness, in particular among students,
of the importance of taking into account the impacts of
food consumption choices.

1 kg of food is used as a meal.

Salmon-based menu (meal C) recorded the highest impacts (due to
the transport), followed by the ready meat menu, which has the
highest impact in the production stage. The most relevant impact
categories resulted in GWP, eutrophication, acidification, and abiotic
depletion.

The impacts to GWP, acidification, ADP fossil, and water scarcity
potential of tortellini (a kind of stuffed pasta) resulted 4.96 kg CO,
eq./kg, 3.52 kg SO, /kg, 13.08 MJ /kg, and 4.64 m3/ kg, while that of
Ragu sauce were 4.43 CO, eq./kg, 0.12 kg SO, /kg, 29.20 MJ /kg, and
29.80 m? /kg. Parmigiano Reggiano has shown 6.67 CO, eq./kg,
0.07 kg SO, /kg, 36.40 MJ/kg, and 3.19E—07 m3/kg.

Mayanti et al. [50]

Evaluating the impacts of food waste in its two main
fractions: edible food waste and inedible food waste. A
further aim was to expand the analysis of impacts other
than climate change. Eleven impact categories have
been considered.

Total waste generated by households in a
year in Finland.

The results show that most of the impacts are related to the
production of food in the agricultural stage for the edible food waste.
Meat, as edible food waste, generated the highest impacts in eight
out of eleven investigated impact categories, followed by vegetables.
Instead, fruit and bread contributed to a much lower extent. The
impacts of waste treatment (downstream) are for anaerobic digestion
(AD) and waste to energy (WtE), —3.02E+07 kg CO, eq and
—1.90E+07 kg CO; eq. The sign is negative due to the accounting of
avoided impacts. The AD process generated biomethane, replacing
the use of petrol production. The WtE process generated electricity
and heat, avoiding the use of electricity from the national mix.
Further, Biowaste treatment with AD generated higher benefits
compared to waste-to-energy.

Sundin et al. [53]

Analysis of plate waste generated by a large sample of
schools (4913) in the Uppsala Municipality, Sweden.
Calculation of the carbon footprint and nutrient losses
related to plate waste to understand the environmental
and social implications of school meals.

kg CO; eq./plate waste and kg of CO,
eq./guest.

The total calculated amount of food plate waste in the two schools’
canteens over a period of 8 days of observation was 133.2 kg (of
which 94% was edible waste and 5% inedible waste), while the total
average per day and per canteen was 8.3 kg, as well as 27 g per guest.
The total waste amounted to about 12% of the total food served. The
breakdown of the total amount of food waste and total carbon
footprint of plate waste during the period of observation shows that
beef was the least wasted (2.4 kg compared to the total waste), but
had the highest carbon footprint (54.7 kg CO, eq compared to the
carbon footprint of the other foods). On the other side, pasta was
wasted the most (37.1 kg), but it has a lower carbon footprint

(10.6 kg CO; eq.) than beef.
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Table Al. Cont.

Authors and Year of Publication

Goal of the Study

Functional Unit (EU.)

Results

Avat6 and Mannheim [49]

Evaluation and comparison of the environmental
impacts and primary energy demand in the life cycle of
two main dishes (Viennese Steak and Wiener Schnitzel)
in a Hungarian restaurant.

1 portion main dish.

The preparation stage generated higher potential impacts (e.g., to
GWP) than the cooking stage since the dishes are based on meat.
Total primary energy demand also resulted in higher impacts for the
preparation stage. Composting as an end-of-life option for food
waste has lower potential impacts than landfilling and incineration.

Takacs et al. [39]

Analysis of the environmental impacts of different types
of meals (13 types) supplied by lunch service in London
(UK), their whole life cycle (from cradle to plate).

1 single meal.

The results show that in the comparison of the meals (chili, lasagna,
curry, and teriyaki) and their potential impacts on GWP, FEP, TAP,
and WDP do not depend on their recipe but on their ingredients.
Therefore, the vegan or whole-food vegan alternatives of the meals
(e.g., lasagna) resulted in much lower impacts than beef lasagna.
Beef lasagna generates a potential contribution of 5.78 kg CO; eq.,
while vegan and whole-food vegan lasagna generate contributions of
0.37 kg CO; eq and 0.26 kg CO, eq, respectively.

Schmitdt Rivera and Azapagic [38]

Calculation and comparison of the environmental
impacts of the most popular, produced, distributed, and
consumed ready-made meals in the UK.

A chilled, ready-made meal for one person
consumed at home in the UK. The total
weight of each meal is assumed to be 360 g.

The lowest environmental impacts are those associated with pork
roast (the contribution to GWP is 2.1 kg CO, eq./E.U.), while the
highest is associated with classic lasagne (5 kg CO; eq./F.U.). The
most significant stage was the production of the ingredients (more
than 50% of the total impacts), compared to distribution (14%) and
manufacturing (12%). The impacts vary in the meals according to the
recipe followed by the manufacturers. The impacts can be reduced
by replacing meat with other ingredients. For example, in the case of
lasagna and spaghetti, the authors calculated the benefits of
replacing meat with soy granules and seitan. They have found a
reduction by 17% to GWP and further reductions in other impact
categories.

Mistretta et al. [52]

Assessment of the energy and environmental impacts of
school catering in Lombardia region (Italy); main
hotspots in the food life cycle; identification of
environmental scenario improvement in the analyzed
school catering.

Equivalent meal is served at the selected
school’s catering.

The contribution to global energy requirements (GER) is 23.6 M],
while that to GWP is 1.43 kg CO; eq. per FU. The production stage is
the most impactful stage, accounting for 66% in GER and for 69% in
GWP. Food production also generates the highest impacts on
acidification and eutrophication, while the transport stage is the
largest contributor to photochemical oxidation.
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Table Al. Cont.

Authors and Year of Publication Goal of the Study

Functional Unit (EU.)

Results

Assessment of the GHG emissions in the life cycle of the
most important ready-made and home-made

Espinoza-Orias and Azapagic [48] sandwiches produced and consumed in the UK, as well
as evaluating the factors contributing the most impact
and solutions for improving the impacts.

One individual sandwich serving,
composed of two slices of bread and a
filling, prepared and ready for
consumption.

The results show that the GHG emissions are lower for the
home-made sandwich compared to the ready-made sandwich when
considering the same filling. The agricultural production stage is the
most significant for both types of sandwiches. Reduction in the
carbon footprint can be obtained by implementing different
scenarios: by using meat, eggs, and cheese in smaller amounts,
reducing food waste over the supply chain and at the post-consumer
stage, and using alternative packaging and waste management
options. However, each scenario has pros and cons.

Analysis and comparison of the environmental impacts
Flury et al. [37] and food waste generation of ready-made and
home-made lasagna Bolognese in the whole life cycle.

The preparation of two portions (800 g) and
1 kg of lasagna Bolognese ready to be
consumed in a household.

The results show that the carbon footprint of ready-made lasagna
compared to that of home-made lasagna is in the same range, with
lower values for the home-made lasagna, due to the need for
packaging and re-heating of the ready-made lasagna. Food losses in
the selling stage are slightly higher for the ready-made lasagna than
the losses mainly due to the ingredients of the home-made lasagna.
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