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Abstract

While agriculture’s role in carbon emissions has been studied broadly, there is a notable lack of disag-
gregated studies that focus on the carbon footprint of specific products, such as tomatoes. This is further
exacerbated by the fact that tomatoes are a staple food in many countries, and the carbon emissions associ-
ated with their production could vary significantly across different cultivation methods, regions, and supply
chains. This literature gap limits our understanding of where emissions originate and where they can be
mitigated. In this context, the aim of the present paper is to provide a comprehensive evaluation of the equiv-
alent carbon footprint in greenhouse tomato production in Greece by means of a Life Cycle Assessment. Re-
sults indicate that the energy required to produce the tomato is the factor that has the greatest impact on the
environmental impact. The fertilizers and the materials used to package the product also affect significantly
the overall environmental impact. Tomatoes are an essential component of global food systems. Thus, even
marginal improvements in the carbon efficiency of tomato production could yield significant environmental
benefits, and a detailed carbon footprint analysis could influence policy and practice.

Keywords: Carbon footprint, Life Cycle Assessment (LCA), Sustainable tomato production, Optimization
process, Agricultural policy.

shaping environmental sustainability. Among
many different agricultural crops, tomato (So-
lanum lycopersicum L.) holds a place of sig-

1. Introduction

Agriculture is a major contributor to the glob-

al carbon footprint, with its activities accounting
for roughly a quarter of global greenhouse gas
emissions (Poore and Nemecek, 2018; Lynch
et al., 2021). The sector plays a pivotal role in

nificant importance, ranking as one of the most
cultivated and consumed vegetables worldwide,
second only to the potato in terms of production
volume (Padmanabhan et al., 2016).
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Tomatoes, a staple food in global diets and one
of the most widely cultivated crops worldwide,
are grown in over 180 countries and account for
around 182 million tons of production annually
(FAOSTAT, 2022). In 2022, the European Un-
ion produced a significant quantity of tomatoes,
with Italy being the largest producer, account-
ing for 40% of the total EU production. Spain
and Portugal followed, producing 24% and 9%,
respectively. Overall, the EU harvested around
15.4 million tons of tomatoes in 2022 (European
Commission, 2022).

In Greece, tomato production is a significant
agricultural industry, with the country consist-
ently ranking among the top 20 tomato produc-
ers worldwide. Within Europe, Greece often
ranks among the top five tomato-producing na-
tions, depending on the year (FAOSTAT, 2022.
Greece is also a significant producer of tomatoes
within the Mediterranean region, particularly
known for its greenhouse cultivation methods.
In terms of production volume, Greece consist-
ently produces over 900,000 tons of tomatoes
annually (FAOSTAT, 2022).

While precise statistics on tomato produc-
tion’s standalone carbon footprint are not always
available, since its carbon emissions could vary
significantly across different cultivation meth-
ods, regions, and supply chains, it is evident that
reducing emissions in such high-produced crops
could have a meaningful impact on global efforts
to decarbonize agriculture. Decarbonizing major
agricultural industries, such as the tomato indus-
try, is key to tackling climate change (Ardakani
et al., 2019; Migliore et al., 2019; Sovacool et
al., 2021), but to do so we need reliable ways to
measure the carbon footprint of goods produced
in this industry. Carbon footprint assessments
help identify the most significant sources of
emissions within production processes, allowing
for targeted mitigation strategies.

The production of tomatoes involves a variety
of processes, including land preparation, culti-
vation, irrigation, fertilization, harvest, post-har-
vest processing, packaging, and transportation
(Khoshnevisan et al., 2014). These stages con-
tribute to carbon emissions through energy use,
material inputs (such as fertilizers, pesticides,
and packaging), and waste generation. Given the

complexity of production systems and the broad
scope of the topic, there is a pressing need to
study the environmental impact of tomato pro-
duction at various stages of the production pro-
cess. Such understanding is essential for devel-
oping more eco-friendly agricultural practices
and informed policies that mitigate carbon emis-
sions effectively. Without a clear understand-
ing of where environmental issues in tomato
production stem from, it becomes impossible to
implement the right strategies for mitigation. As
tomatoes are a staple food in numerous countries
and a key element in global food systems, even
marginal improvements in the carbon efficiency
of their production could yield substantial envi-
ronmental benefits.

To this end, the overarching scope of the pres-
ent study is to evaluate the carbon footprint as-
sociated with tomato production in Greece, with
a focus on the equivalent carbon dioxide (CO5)
emissions resulting from both the materials and
processes involved in cultivation and the man-
agement of waste post-production. Specifically,
the study quantifies the total CO, emissions of
tomatoes by means of a Life Cycle Assessment
(LCA), considering key factors such as energy
use, fertilizers, packaging, and waste manage-
ment practices. By identifying major contribu-
tors to the carbon footprint and exploring strate-
gies for mitigation, this research seeks to provide
valuable insights into how the tomato production
process can be made more sustainable.

The subsequent sections are organized as
follows: The next section briefly outlines the
relevant literature. The third section describes
the LCA methodology and the utilized data in-
ventory. The fourth section presents the results
and discusses the findings. The last section con-
cludes and also examines the implications of
these results for practice and policymaking.

2. Literature Review

The environmental impacts of agricultural
practices have garnered significant attention in
recent years (Springmann et al., 2018). Several
studies have focused on evaluating the carbon
footprint associated with these practices, em-
phasizing the need for sustainable production
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methods to mitigate greenhouse gas (GHG)
emissions (Gonzalez-Garcia et al., 2018; Poore
and Nemecek, 2018; Castillo-Gonzalez et al.,
2024). And if, as alleged, agriculture’s role
in carbon emissions has been studied broad-
ly, there is a notable lack of detailed research
specifically addressing the carbon footprint of
tomato production (Bosona and Gebresenbet,
2018; Canaj et al., 2019).

A comprehensive study by Solimene et al.
(2023) explores the carbon footprint of tomato
cultivation using Life Cycle Assessment (LCA).
The article discusses the various methodologies
employed to assess the carbon footprint and
highlights the role of innovative farming tech-
niques, such as precision agriculture, in min-
imizing environmental impacts. Interestingly,
their findings indicate that the largest contribu-
tion to climate-changing gases comes from the
use of fertilizers. The authors advocate for poli-
cies that encourage sustainable agricultural prac-
tices to ensure long-term environmental health
and food security (Solimene ef al., 2023).

Pedala et al. (2023) present a detailed evalu-
ation of the environmental impacts of agriponic
systems, with a specific focus on tomatoes. Their
findings suggest that the carbon footprint of to-
mato production varies significantly depending
on regional practices and technologies employed.
The study emphasizes the interconnectedness of
food production systems and their contribution to
climate change, advocating for a holistic approach
to sustainability that includes reducing emissions
throughout the supply chain. The authors call for
further research to explore alternative materials
used for seed pods, fertilizer bottles, and green-
house components, in order to reduce the reliance
on plastic, concluding that utilizing materials that
have lower environmental impacts, or are made
from recycled plastics can be beneficial. This
study advocates comprehensive strategies ad-
dressing both primary production and supporting
materials, suggesting the potential of locally tai-
lored approaches in regions where traditional and
modern agricultural practices coexist. Common
pattern in Mediterranean countries.

The research conducted by Bosona and Ge-
bresenbet (2018) highlights the importance of
using lifecycle approaches to mitigate the en-

vironmental impact of tomato production. Par-
ticularly, their empirical effort attempts to assess
the environmental burdens of organic tomato
produced and distributed in Sweden. The study
reveals that even though the drying process con-
sumes additional energy, it can be traded off
by reduction of product volume and packaging
material, which in turn reduces transport fuel
and post-harvest product loss, especially in the
case of transporting over long distances. More-
over, in the detailed study of Del Borghi et al.
(2014), the results of a Life Cycle Assessment
(LCA) performed on 13 tomato-based products
produced in Italy are presented and discussed.
Findings indicate that the agricultural phase and
packaging production are the life-cycle stages
with the highest impact in all the categories con-
sidered. The authors conclude that the identified
improvement options related to the packaging
subsystem are the reduction of weight and the
switch to different packaging materials. These
studies underscore the need to evaluate both
packaging and transport in carbon footprint
assessments for tomatoes, which could be par-
ticularly relevant in Greece, where exports and
long-distance transport are common.

A recent study conducted by Naseer e al.
(2022) explores the environmental impact of
tomato production, focusing on quantifying and
mitigating the carbon footprint across different
production systems. The study identifies ener-
gy-efficient practices and optimized resource
use as critical strategies for reducing emissions.
Findings underscore the need for adopting re-
newable energy sources and precision agricul-
ture techniques, especially in greenhouse sys-
tems, to lower the carbon footprint in tomato
cultivation sustainably. These findings align
with the need for region-specific solutions in
Mediterranean climates, where solar energy and
optimized irrigation may offer viable alterna-
tives to more energy-intensive systems.

Lastly, it is well-documented in the relevant
literature that LCA studies can capture the envi-
ronmental impacts of foods, diets, and food pro-
duction systems (Ruviaro et al., 2013; Dias et al.,
2017; Sala et al., 2019; Pazmifio and Ramirez,
2021; Pedala et al., 2023; Kumar et al., 2024; Lee
etal.,2024). Life Cycle Assessment (LCA) is akey
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methodological reference for identifying and ad-
dressing the above-mentioned issues. It is widely
applied across various sectors, including food pro-
duction, despite the inherent complexity of such
processes (ISO 14040:2006a; ISO 14044:2006b).
The principles of LCA allow the assessment of the
global extent of the inputs, outputs, and potential
environmental impacts throughout the life cycle
of a product system. LCA follows the phases of
(1) goal and scope, (2) life cycle inventory, (3) life
cycle impact assessment, and (4) interpretation
(Cucurachi et al., 2019).

The relevant literature reveals a clear consen-
sus on the significant environmental impacts of
tomato production, particularly concerning car-
bon emissions. The adoption of sustainable prac-
tices, supported by comprehensive assessments
and targeted policies, is crucial for reducing the
carbon footprint and promoting environmental
sustainability in the agricultural sector. How-
ever, the aforementioned urge the need for con-
tinuous research for national and regional adap-
tations to enhance the sustainability of tomato
production. By analyzing the carbon footprint of
tomato production in Greece, we can contribute
to the EU’s broader agenda on climate change
and sustainability. This can also serve as a model
for similar studies in other Mediterranean coun-
tries and provide benchmarks for other regions
in Greece or the EU to assess their own agricul-
tural sustainability initiatives.

3. Methodology and Data

3.1. Methodological Framework

The stages of the Life Cycle Assessment (LCA)
methodology used for the evaluation of equiva-
lent carbon footprint (CO;) for the production of
tomatoes are briefly described as follows:

a) Goal and scope definition. It is the first
stage of the methodology, where certain
theoretical parameters that characterize the
study are determined. These parameters in-
clude the objective of the study, its scope,
the definition of the system being studied
and the boundaries of that system, as well
as the geographical coverage and the func-
tional unit used in the study.

b) The Life Cycle Inventory (LCI) stage
requires a detailed recording of all ma-
terials (including energy) and processes
consumed and performed, respectively,
throughout the production of the tomatoes
(from the acquisition of the raw materials
in the production to the packaging and
management of the resulting waste).

c¢) In the Life Cycle Impact Assessment
(LCIA) stage, the results of the assessment
of the environmental impacts caused by
tomato production in terms of equivalent
carbon footprint (CO,) are obtained.

d) The last stage is the interpretation of re-
sults. The results of the environmental
impact assessment are summarized and
are used to draw conclusions based on the
objective of the study that has been deter-
mined. The present analysis refers to the
environmental aspects of the tomato pro-
duction process without considering eco-
nomic or social factors.

3.2. Goal and Scope Definition

The objective of the present study is to eval-
uate the environmental impacts caused by the
production of tomatoes by means of the valu-
ation method regarding the equivalent carbon
footprint (CO;) that is produced. The results
can be used to shape the environmental profile
of the product under consideration for its envi-
ronmental certification as well as to determine
the impact of the materials consumed and the
processes followed for its production on the en-
vironment.

The boundaries of the system that are exam-
ined from “a set of criteria that determine which
individual processes are part of the system” (ISO
14040, 2006a). For this study, the boundaries of
the system cover the entire production process
of the tomato product, from the stage of obtain-
ing the raw materials required, the materials and
energy consumed, and the production processes
up to the stage of packaging the tomatoes and
the management of the resulting waste.

As far as the process of allocation is concerned,
it is defined according to ISO 14040 (2006a, b)
as “the separation of inputs and outputs referred
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to a process or system between the system un-
der study and another system or systems”. In the
frame of the present study, there is only the pro-
duction of tomatoes, and hence, there is no need
for any separation.

According to ISO 14040 (20064, b), the func-
tional unit describes “the basic operation of a
system and provides a reference against where
input and output data can be quantified”. For
the present study, the functional unit used is
one kilogram (1 kg) of finished tomato prod-
uct, while the geographical coverage refers to
Greece and the wider European area.

3.3. Life Cycle Inventory

This section outlines the materials and prod-
ucts consumed during tomato production,
along with the procedures followed throughout
the process. It also records all waste materials
generated after production and their respective
management methods. The data for greenhouse
tomato production were obtained from a typi-
cal greenhouse production company in North-
ern Greece, and particularly, from the region of
Eastern Macedonia and Thrace (NUTSII). The
area is dominated by heated greenhouses for
tomato production. This reliance of the area on
greenhouse-based production provides an op-
portunity to analyze energy consumption and
greenhouse gas emissions associated with con-
trolled-environment agriculture. The production
takes place annually, from March to November,
yielding a total of 7,500 tons (t) of tomatoes per
growing season. The quantities mentioned be-

low correspond to one full growing season and
are subsequently adjusted to the functional unit
of this study, which is 1 kilogram (kg) of the fi-
nal tomato product. Particularly:

1 Energy

The amount of energy consumed during tomato
production is recorded. This energy concerns the
electricity consumed during production, which
comes from the public electricity supply network
in Greece. At the same time, the company uses
a high efficiency cogeneration (CHP) of elec-
tricity and heat systems with generators of elec-
tricity-heat-CO, with a total capacity of 8 Mw,
which consume natural gas. The thermal energy
and carbon dioxide (CO,) emissions produced by
the cogeneration system are used during the to-
mato production process, avoiding the use of an
additional source of thermal energy and carbon
dioxide (CO») supply for the enrichment of the
crop with carbon dioxide. According to the data
provided by the company, a total of 216,000,000
m? CO; (= 395,712,000 kg CO,) is produced an-
nually from the cogeneration system, of which
170,000,000 m* CO, (= 311,440,000 kg CO,
are released into the greenhouses, while the re-
maining 46,000 m* CO, (= 84,272 kg CO,) are
released into the air. The electricity produced
by the cogeneration system is not used during
tomato production but is sold. According to the
company’s data, the total operating hours of the
4 cogeneration machines are 5,000 per year, i.e.,
producing a total of SMW-5,000 h= 40,000 MWh
of electricity per year. Therefore, it is considered
that the production (consumption) of an equal

Table 1 - Data used in the calculation of the energy required for the tomato production.

Record Description Measurement unit Quantity
Electricity The amount of e_le_ctr1c1ty consumed by KWh 6,800,000
consumed the public electricity supply network
Electricity The amount qf electricity prqduced by MWh 40,000
produced the cogeneration system and is sold

. 150,000
Natural gas g;‘i&“;‘:)g;‘;f;ﬁf; Sthfnthat is consumed MWh (= 540, 0000. 00)0

MJ =540 TJ)

Lubricants Lubricants of cogeneration system machines kg 11,000
Carbon dioxide Amount of CO; produced by the cogeneration K 84.272
(CO») system and released into the air & ’

Source: Authors’ own work based on data provided.
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amount of electricity from the public electrici-
ty supply network is avoided. Table 1 gives the
data considered in the calculation of the energy
required for the tomato production.

1. Water
The amount of water used during the tomato
production process is recorded in Table 2.

1. Fertilizers

The quantity and the type of fertilizers used
for the tomato production process are recorded
in Table 3.

IV Insecticides

The quantity and the type of Insecticides used
for the tomato production process are recorded
in Table 4.

V. Other materials
The quantity and type of other materials, such

Table 2 - Water used for the tomato production.

as tomato seeds, used in the production process
and materials used as a substrate for planting
are recorded. It is noted that the quantity and
type of seeds used are not taken into account
in the calculation due to a lack of suitable en-
vironmental data in the existing LCI libraries
(Table 5).

VI Final product packaging
The quantity of materials used to pack the to-
matoes is recorded in Table 6.

VII. Maintenance of greenhouses

The greenhouses used by the company for to-
mato production are constructed of load-bearing
frame and glass and are permanent structures
with a useful life of more than 30 years. There-
fore, in the context of the present study, the con-
struction of greenhouses is not included for the
evaluation of carbon footprint, but only their
maintenance. Specifically, the quantity of mate-

Record Description Measurement unit Quantity
. .- 120,000
3 il
Water Non potable water derived from drillings m (= 120,000,000 kg)

Source: Authors’ own work based on data provided.

Table 3 - The quantity and the type of fertilizers used for the tomatoes production.

Record Measurement unit Quantity
Monopotassium hydrogen phosphate as a source
of phosphorus (P) ke 30,340.0
Calcium nitrate as a source of nitrogen (N) kg 82,835.0
Potassium .nltrate as a source of nitrogen (N) ke 78.507.0
and potassium (K)
Ammonia nitrate as a source of nitrogen (N) kg 1,040.0
Urea for CHP (nitrogen compound) kg 34,000.0
Source: Authors’ own work based on data provided.
Table 4 - The quantity and the type of Insecticides used for the tomato production.
Record Description Measurement unit Quantity
1. Insecticides with the active compound
.. pyriproxyfen (pyridinyl derivatives).
Insecticides 2. Insecticides with the active compound It 250 (262 kg)
spiromesifen (tetronic acid derivatives).

Source: Authors’ own work based on data provided.
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Table 5 - The quantity and the type of other materials used for the tomato production.

Record Description Measurement unit Quantity
380,000
Seeds Tomatoes seeds Items (0.5 kg)
Substrate for . 3 860
planting Stone wool planting substrate m (25 tons)
. Planting supports made of plastic
Plastic parts (polyethylene, PE) kg 2,000
Metallic Parts | Small, iron parts for machinery, etc. kg 1,000
Source: Authors’ own work based on data provided.
Table 6 - Quantity of packaging materials of the products.
Record Description Measurement unit Quantity
. 1,100,000
Packaging Cardboard boxes Item (481,800 kg)

Source: Authors’ own work based on data provided.

Table 7 - Quantity of packaging materials of the tomato products.

Record Description Measurement unit Quantity
Maintenance of greenhouses | Glass panes (glasses) without m? 150
per production period any special coating (1,500 kg)

Source: Authors’ own work based on data provided.

rials used for the maintenance of the greenhous-
es required during the annual tomato production
period is recorded in Table 7.

VIIL Transportation of materials

The transports concern both the raw materials
used for the production of the tomatoes that are
transported by the various suppliers to the pro-
duction facilities as well as the materials that arise
after the completion of production and are trans-
ported to recycling units. According to the infor-
mation provided by the company, these trans-
portations are implemented with 20-ton payload
trucks, according to Table 8. The last column of
the table calculates the product of the quantity of
materials (in tons) and the kilometer distance cov-
ered during transportation, a parameter required
to calculate the environmental impact.

IX. Waste Management

Waste generated during the production pro-
cess of tomato products, along with its manage-
ment, is documented in Table 9. Regarding the
recycling of oils used in the cogeneration sys-
tem, relevant studies (Udonne, 2011; Pires &
Martino, 2013) discuss the methods employed
for recycling and analyze their environmental
impacts. In the present study, it is assumed that
the environmental benefits of recycling 1 kg of
lubricant oil are equivalent to the benefits gained
by avoiding the production of 0.4 kg of new lu-
bricant oil.

X. Environmental Data

Considering the data regarding the quanti-
ties of materials consumed and the processes
performed to produce tomatoes as they were
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Table 8 - Data concerning the transport of materials to/from the facilities.

. Quantity Transport distance to/ Quantity * Distance
e (kg) from the facilities (km) (tn*km)
Fertilizers 226,722 160 36,275.52
Insecticides 262 40 10.48
Packaging materials
(Cardboard boxes) 481,800 160 77,088
Stone wool 25,000 3,000 75,000
Glasses 1,500 40 60
Plantation supports (plastic) 2,000 40 80
Oils of machines 11,000 160 1,760
TOTAL (Materials to the facilities) 190,274 tn*km
Waste for recycling 146,000 40 5,840
Waste to landfill 25,000 4 100
TOTAL (Materials from the facilities) 5,940 tn*km

Source: Authors’ own work based on data provided.
Table 9 - Waste management.
Record Description Measurement Quantity Management
unit
Natural tissues Leaves / Leaves / stems ke 120,000 Disposal as livestock
stems products
Plastic components Plantation supports kg 2,000 Plantation supports
Lubricants Machines oils kg 11,000 Recycl}ng by a
specialized unit
Paper Paper / .cardboard ke 12,000 Recycl%ng by a
packaging specialized unit
Metallic Components Steel kg 1,000 Recychng by a
specialized unit
Stone wool Planting substrate kg 25,000 Disposal in a landfill

Source: Authors’ own work based on data provided.

described previously, the appropriate environ-
mental data are selected from existing environ-
mental data libraries (LCI libraries, Life Cycle
Inventory) (Table 10).

3.4. Life Cycle Impact Assessment

To assess the environmental impact of the
tomato production process, the Global Warm-
ing Potential assessment method (IPCC, 2007,
GWP 100a 1.01) is used with climate change
coefficients for a 100-year time frame. This

method was developed by the International
Panel on Climate Change (IPCC, 2007; IPCC,
2021) and refers to the possible changes in
the Earth’s climate due to the concentration
of chemical substances (“greenhouse gases”™)
that trap heat from the reflection of sunlight,
while under other conditions would pass out-
side the atmosphere. It focuses on quantifying
the environmental impact on the equivalent
amount of carbon dioxide produced. The re-
sults are calculated in kilograms of equivalent
carbon dioxide (CO»).

116



NEW MEDIT N.2 2025

Table 10 - Environmental data libraries (Life Cycle Inventory).

. Geographical
Category Dataset LCI Library -
Electricity, high voltage, production GR, . .
Energy at grid/GR U Ecoinvent Unit Processes | Greece
Energy Natural gas, burned in gas turbine/GLO U Ecoinvent Unit Processes | International
Energy Lubricating oil, at plant/RER U (kg) Ecoinvent Unit Processes | Europe
Water Water, completely softened, at plant/RER U Ecoinvent Unit Processes | Europe
Fertilizers | Fertilizer (P,Os) LCA Food DK Europe
Fertilizers | Fertilizer (K,0) LCA Food DK Europe
Fertilizers Calcium nitrate, as N, at regional storshouse/ Ecoinvent Unit Processes | Europe
RER U
.. Potassium nitrate, as K,O, at regional . .
Fertilizers storehouse/RER U Ecoinvent Unit Processes | Europe
.. Ammonium nitrate, as N, at regional . .
Fertilizers storehouse/RER U Ecoinvent Unit Processes | Europe
Fertilizers | Urea, as N, at regional storehouse/RER U Ecoinvent Unit Processes | Europe
Insecticides | Pesticide unspecified, at regional storage/CH U | Ecoinvent Unit Processes | Europe
. qurugate(l]i boqrd boxes, technoloogy mix, prod. European Life Cycle
Packaging |mix, 16,6 % primary fibre, 83,4 % recycled Database (ELCD) Europe
fibre EU-25 S
Maintance | Float glass uncoated ETH U ETH-ESU 96 Unit Europe
Processes
Other Rock wool, at plant/CH U Ecoinvent Unit Processes | Europe
Other Polyethylene, HDPE, granulate, at plant/RER U | Ecoinvent Unit Processes | Europe
Other Cast iron, at plant/RER U Ecoinvent Unit Processes | Europe
Recycling | Livestock feed (soy) LCA Food DK Europe
Recycling | Recycling PE B250 BUWAL 250 Europe
Recycling | Recycling paper B250 BUWAL 250 Europe
Recycling | Recycling ECCS steel B250 BUWAL 250 Europe
. Disposal, mineral wool, 0% water, to inert . .
Disposal material landfll/CH U Ecoinvent Unit Processes | Europe
Transport | Transport, lorry, 20-28t, fleet average/CH U Ecoinvent Unit Processes | Europe

Source: Authors’ own work.

4. Results and discussion

4.1. Results

Table 11 presents the results of the calculations
concerning the equivalent produced carbon diox-
ide that corresponds to the materials consumed
and the processes required to produce tomatoes.
The total CO, emissions resulting from these ac-
tivities during a growing season (7,500 tons of
tomatoes) amount to 3,779,618.59 kg CO, eq. or
0.50395 kg COs eq. per kilogram of tomatoes.

Table 12 presents the results of the calcula-
tions concerning the equivalent produced car-
bon dioxide that corresponds to the manage-
ment of the waste resulting from the production
of tomatoes, both for recycling and disposing in
landfills. The total carbon footprint from waste
management is -34,783.01 kg CO; eq. (or
-0.00464 kg CO; eq. per kg tomato), indicat-
ing that the waste management process actually
contributes a net reduction in carbon emissions,
mainly due to recycling efforts. This is a key
aspect of sustainability in agricultural systems,
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Table 11 - Quantity of the equivalent CO, to produce tomatoes.

Equivalent CO; produced | Equivalent CO; produced
Materials/ Processes per growing season per kg tomato
(7,500 1) (kg CO; eq.) (kg CO: eq.)

Energy

Electricity consumed 6,894,931.51 0.91932

Electricity produced and sold -40,558,420.62 -5.40779

Natural gas consumed in the cogeneration system 36,154,335.75 4.82058

Lubricants 11,762.74 0.00157

Carbon dioxide released 84,272 0.01124
Water 3,189.73 0.00043
Fertilizers 551,600.67 0.07355
Insecticides 1,834.09 0.00024
Other materials 41,939.91 0.00559
Packaging 554,737.75 0.07397
Maintenance of greenhouses 1,541.97 0.00021
pransport of Materials to 36,745.95 0.00490
pransport of Materials from 1,147.14 0.00015
TOTAL 3,779,618.59 0.50395

Source: Authors’ calculations.

Table 12 - Quantity of the equivalent CO, of waste management after the production of tomatoes.

Equivalent CO; produced | Equivalent CO;produced

Waste management per growing season per kg tomato

(7,500 1) (kg CO: eq.) (kg CO: eq.)
Disposal of natural tissue waste as livestock 27.140.81 -0.00362
products
Recycling of plastic parts by a specialized unit -664.10 -0.00009
Recycling of lubricants by a specialized unit -4,705.10 -0.00063
Egﬁychng of cardboard packages by a specialized 761,66 -0.00010
Recycling of metallic parts by a specialized unit -1,688.39 -0.00023
Disposal of stone wool in a landfill 177.04 0.00002
TOTAL -34,783.01 -0.00464

Source: Authors’ calculations.

as it demonstrates that proper waste manage-
ment can mitigate the overall carbon footprint.

Below is an analysis of key contributors:

* Significant reductions in CO; emissions
come from the recycling of various mate-
rials. For instance, the recycling of plas-
ticparts (-664.10 kg CO, eq.) and lubricants

(-4,705.10 kg CO; eq.) offsets the overall
carbon impact. This suggests that the adop-
tion of recycling initiatives can play a cru-
cial role in reducing the carbon footprint of
tomato production.

* The disposal of natural tissue waste as
livestock products results in a negative
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Equivalent CO; produced per growing

Equivalent CO; produced

e e ey season (7,500 t) (kg CO: eq.) per kg tomato (kg CO: eq.)
Materials/Processes 3,779,618.59 0.50395
Waste Management -34,783.01 -0.00464
TOTAL 3,744,835.57 0.49931

Source: Authors’ calculations.

Table 14 - Comparison of the equivalent carbon dioxide.

Stanflarq’ I.Droduc.tian of Equivalent CO; ha ™! If'roduction of Equivalent CO; ha ™! Bl

Cultivation in Florida, USA in Greece (greenhouse)

Fertilizers 1,656 kg CO2eqha ! 1,032 kg COzeqha ! -37.68 %

Insecticides 3,268 kg COeqha ! 1,834.09 Kg COs eqha ! -43.87 %

Water 5,976 kg CO,eqha ! 3,189.73 Kg COseq ha ! -46.62 %
-1 -1

o[G0 SR T

Source: Readily available data from Jones et al. (2012). - Authors’ calculations.

carbon impact of -27,140.81 kg CO, eq.,
further enhancing the sustainability of the
production process. Conversely, the dis-
posal of stone wool in a landfill leads to a
very small positive contribution of 177.04
kg CO; eq., which minimally impacts the
overall carbon footprint.

The sum of the environmental impact caused, on
the one hand, by the materials consumed and the
processes followed to produce the tomato prod-
uct and, on the other hand, by waste management,
gives the total environmental impact of the final
product (tomatoes). These results are presented in
Table 13. The overall CO, footprint for producing
7,500 tons of tomatoes is 3,744,835.57 kg CO; eq.
or 0.49931 kg CO; eq. per kg of tomatoes.

4.2. Comparalive analysis and discussion

Although direct comparison of produces
from different agricultural areas and different
production methods (conventional and organic
methods) is difficult, the following table pre-
sents a comparison between the LCA results of
the current study and results presented in the
study of Jones et al. (2012). Although the pro-
duction methods and system boundaries could
vary, the comparison enables us to have better
understanding on impacts of tomato production

under different conditions (greenhouse-based
production and open-field based production).
Table 14 gives a comparison of the equivalent
carbon dioxide produced in a typical crop in
Florida, USA, with the corresponding Greek
one. The selection of the specific area was
made because the climatic data are similar to
the Mediterranean climate, which also exists in
the area of the unit, but also because, unfortu-
nately, both at the national and European level,
there are very few studies related to the produc-
tion of carbon dioxide during the production of
tomatoes. It should be noted that this unit uses
drip irrigation.

According to Jones et al. (2012), the produc-
tion of equivalent carbon dioxide from the pro-
duction of tomatoes in open-type crops can reach
up to 0.75 kg CO; per kg of product produced.
The production of tomatoes in the controlled en-
vironment of the greenhouse results in a reduc-
tion of the emitted carbon dioxide equivalent by
33.3%. A percentage that proves the impressive
production possibilities as well as the energy
savings realized during the production process.
It is also evident that a substantial portion of the
carbon dioxide emissions originates from the
consumption of electricity and natural gas, while
a smaller fraction is generated through the use of
water, fertilizers and insecticides.
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5. Concluding remarks

5.1. Conclusions

The objective of the present study is to calcu-
late the environmental impacts caused by the dif-
ferent stages of the production of tomato products
using the valuation method regarding the equiva-
lent carbon dioxide (CO;) that is produced. The
Global Warming Potential valuation method was
used to assess the environmental impacts with
climate change coefficients over a 100-year time
frame, while the results were calculated in kilo-
grams of equivalent carbon dioxide (kg CO;eq.).
The impacts of the materials consumed and the
processes performed during the production pro-
cess under consideration were calculated to be
equal to 0.50395 kg CO; eq. per kilo of tomatoes.
Accordingly, an environmental benefit resulting
from waste management after the completion of
the production process was calculated to be equal
to 0.00464 kg CO; eq. per kilo of tomatoes. This
benefit is subtracted from the effects of materials
and processes and the total environmental impact
caused is obtained equal to 0.49931 kg CO; eq.
per kilo of tomatoes.

The calculations prove that the energy re-
quired to produce the tomato is the factor that
has the greatest impact on the environmental im-
pact. The overall effects of this energy depend
directly on the amount of electricity produced
by the high efficiency cogeneration (CHP) sys-
tem with natural gas consumption, as well as the
amount of electricity consumed for production
from the public network. The fertilizers and the
materials used to package the product also af-
fect the overall environmental impact. As far as
the management of the waste resulting from the
production process is concerned, a significant
environmental benefit arises from the disposal
of natural tissues as livestock products, mainly
due to their increased quantity, as well as from
the recycling of the lubricating oils used in the
machines of the cogeneration system.

5.2. Policy implications

On the outcome of policy, the findings of the
present study could provide guidance to policy-

makers and practitioners in developing effective
strategies that promote sustainability in tomato
production and supply chain while reducing en-
vironmental impacts. The results provide impor-
tant insights into the carbon footprint of tomato
production and highlight areas where emissions
can be reduced or offset. Particularly:

1. The use of cogeneration systems and the
production of surplus electricity to be sold
can significantly reduce the carbon foot-
print, showing a potential path toward
more energy-efficient and sustainable to-
mato production. The positive offset from
electricity production is a clear benefit that
could be further optimized. Additionally,
adopting renewable energy sources (so-
lar, wind, or geothermal) for heating and
cooling could significantly reduce the reli-
ance on fossil fuels. Policymakers can in-
centivize the implementation of such sys-
tems and also the use of renewable energy
sources through subsidies or tax breaks for
energy-efficient technologies.

2. Recycling and the disposal of waste mate-
rials in environmentally responsible ways
provide opportunities for reducing the
overall carbon impact. The recycling of
materials like plastic, lubricants, and card-
board can substantially lower emissions,
making it a critical area for improving sus-
tainability in tomato production systems.
Policymakers can support the develop-
ment of waste management infrastructure,
providing incentives for promoting the
adoption of closed-loop systems where
waste is reused or repurposed.

3. The emissions from fertilizer use and pack-
aging materials represent significant con-
tributions to the overall carbon footprint.
To mitigate this impact, policymakers can
promote sustainable agricultural practices
such as precision agriculture, which uses
technology to apply fertilizers more effi-
ciently, reducing excess and minimizing
emissions. The promotion of organic or
less energy-intensive alternatives to chem-
ical fertilizers could also be considered.
Additionally, encouraging the adoption
of biodegradable or recyclable packaging
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materials can help lower emissions associ-
ated with packaging waste.

By addressing issues such as energy consump-
tion, waste management, and the use of fertilizers
and packaging, policymakers can foster a more
sustainable agricultural system for the tomato in-
dustry at a national or regional level, thereby con-
tributing to the broader EU’s agenda on climate
change mitigation and sustainable production.

5.3. Limitations

A certain limitation of this study is tied to its ex-
clusive focus on the environmental impact of to-
mato production, specifically the carbon footprint,
without incorporating economic considerations.
While the environmental aspect is critical for un-
derstanding sustainability, economic factors, such
as the costs of production, market dynamics, and
financial feasibility of emission reduction strat-
egies, are equally important for a holistic assess-
ment. Future research could integrate cost-benefit
analyses and economic evaluations to complement
the environmental findings and provide a more
comprehensive framework for policy formulation.
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