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Abstract

Healthy nutrition is of great importance to maintain the physical and mental health of in-
dividuals. In recent years, products such as snack bars have become widely used to
encourage healthy eating habits. This study compared the environmental footprints
of four snack bar prototypes that adhere to the Mediterranean diet (MD) through a
life cycle assessment (LCA). LCA is used to calculate an environmental footprint, en-
compassing six impact categories: Global Warming Potential (GWP), Abiotic Deple-
tion (AD), Human Toxicity (Cancer (HTC) and Non-Cancer Effects (HTNC)), land use
(LU), and water use (WU). The total impacts were as follows (prototypes 1–4, re-
spectively): GWP 0.221/0.224/0.234/0.194 kg CO2-eq; AD 2.35/2.87/2.63/2.01 MJ; HTC
9.13 × 10−10/7.69 × 10−10/9.82 × 10−10/9.88 × 10−10 CTUh; HTNC 1.03 × 10−8/1.51 × 10−9/
4.16 × 10−9/3.03 × 10−9 CTUh; LU 14.8/21.6/21.8/10.8; WU 0.132/0.287/0.198/0.068 m3.
Prototype 4, which yielded the lowest value across four indicators (GWP, AD, LU, and WU),
is the most environmentally favorable. A range of 89–91% of the GWP originates from
raw material production, while the share attributed to transportation is 3–4%. Nuts and
dried fruit contents are decisive for WU and LU. The findings suggest that environmental
impacts are highly sensitive to ingredient composition and agricultural inputs, and that
selecting raw materials and optimizing the supply chain is critical for mitigation.

Keywords: food sustainability; life cycle assessment; snack bar prototypes; Mediter-
ranean diet

1. Introduction
Fast-paced work environments and an urban lifestyle often lead people to seek quick

and convenient nutrition options [1]. Therefore, developing products that promote healthy
nutrition is crucial for both individual health and the overall well-being of society [2]. At
the same time, there is a growing need in food systems to improve access to affordable,
healthy, and sustainable diets [3]. In recent years, products such as snack bars have become
widely used to promote healthy eating habits [4]. Snacks are foods and drinks that we
eat outside of the main meals of the day and can be part of a healthy, balanced diet [5].
Snacking has become a common habit among children and adolescents, with snack sales
increasing by 57% in Mediterranean countries over the last decade [6,7]. Research indicates
that snacks account for about 27% of total daily caloric intake, exceeding the percentage
consumed at breakfast (18%) and lunch (24%), but not dinner (31%) [8]. Food production
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processes have significant environmental impacts, starting from the supply of raw ma-
terials and continuing through stages such as production, packaging, distribution, and
waste management [9–11]. The agricultural sector, which plays a leading role in food
production, is responsible for approximately 25% of GWP emissions, 50% of habitable LU,
70% of freshwater WU, and 78% of global eutrophication (EU) [12,13]. Food systems are
responsible for a third of global anthropogenic GHG emissions [14]. It has been reported
that increasing nut consumption in the EU may lead to increased WU impacts due to the
global nut market [15]. Food systems are the main drivers of biodiversity loss due to EU
consumption patterns [16]. The Sustainable Development Goals (SDGs) set by the United
Nations (UN) also highlight the importance of productive and environmentally sustainable
food systems focused on health and nutrition [17]. Ensuring sustainable food production
and consumption is also one of the 17 SDGs [18]. The SDGs are crucial for promoting
sustainable development, as they reflect the collective needs of stakeholders worldwide,
striking a balance between social, economic, and environmental growth. However, food
waste and loss pose significant challenges that are increasingly receiving global attention
due to their links to food security, responsible consumption, and climate change [19].
Every year, the UN reports that 1.3 billion tons of food are lost, resulting in 795 million
people lacking sufficient food and nearly 1 billion people being malnourished [20]. The
environmental impact of food extends throughout its entire life cycle, from production to
consumption. A life cycle assessment (LCA) can quantitatively analyze the environmental
impacts of a product, process, or food, including its impact on ecology, resources, and
human health [21]. In this context, analyzing the environmental impacts of foods and diets
that promote healthy nutrition using the LCA method contributes to the development
of sustainable food systems [22–24]. LCA offers a thorough assessment of a product’s
entire life cycle, considering the input and output of material, energy flows, and associated
processes [25]. LCA allows for the evaluation of environmental impacts at every stage of
food production, which includes agricultural production, industrial processing, packaging,
distribution, retail, and waste management [26,27]. LCA has also been increasingly used
in policy-making [28]. At the policy level, strategies such as promoting environmentally
friendly agricultural methods or promoting sustainable consumption habits can be devel-
oped based on LCA findings [29]. LCA has been used worldwide to define sustainability
in food production and diet menus [30–33]. The increasing interest in sustainable food
systems and diets has sparked a growing focus on the MD [34,35]. There are several limita-
tions in the literature regarding the evidence supporting the environmental sustainability
of MD [36–40]. First, limited information is available about each step of the food production
chain, which can lead to assumptions in environmental impact analyses [41,42]. Second,
the food production system is inherently complex, and many factors need to be carefully
managed and considered [43]. In this context, it has been stated that food production is a
complex open system network, extending from water resources, soil, crops, and vegetation
to interactions among the environment, climate, and trade [44]. Food processing is the least
considered stage in food LCA, and therefore, limited information is available on the impacts
of products like snack bars [22,45,46]. Given these considerations, our study is an LCA of
four snack bar prototypes that were created based on the principles and components of the
MD, containing different types and amounts of nuts, dried fruits, legumes, and grain-based
products. This study aimed to evaluate and compare the prototypes in terms of sustainable
food and environmental management. By comprehensively assessing the environmental
impacts of snack bars using an LCA approach, this study represents an innovative example
in the food and environmental sustainability literature.
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2. Materials and Methods
2.1. Goal and Scope Definition

The LCA methodology assesses the environmental impacts of a product, process, or
service throughout its life cycle within the scope of the International Standards ISO 14040
and ISO 14044 [47,48]. LCA comparison of the met and bar prototypes suitable for the
MD was performed. The cradle-to-grave model covers system boundaries, including the
production of raw materials, the transportation of raw materials to the production facility,
production, the usage phase, and the end-of-life phase (Figure 1).

Figure 1. System boundary of LCA study.

2.2. Production of Bar Prototypes

In this study, four prototypes were created based on the principles and components of
the MD. Before production, the cereal contents were preheated at 150–160 ◦C for 10 min.
Dried fruits were also cut into small pieces of 0.5–0.6 mm in diameter. The production
stages of the prototypes are given in Figure 2.

 

Figure 2. General production process diagram for prototypes.

All of the prototypes contained different healthy additional ingredients found in the
MD. The prototypes used plant-based food ingredients rich in healthy bioactive compounds
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(such as carotenoids, phenolic compounds, terpenoids, fatty acids, minerals, and vitamins)
that play an important role in Mediterranean culture [49]. The prototypes used dried
nuts and fruits grown in Türkiye, a Mediterranean country, resulting in products with
low water activity and high microbiological stability [50]. The dried nature of the foods
used in the prototypes also provided advantages such as being usable during periods
when not in production, extending the shelf life for food safety, and ensuring an economic
balance between supply and demand [51,52]. The raw materials used in production were
sourced from local suppliers whenever possible, and material transportation was kept
to a minimum, reducing product carbon footprints [53]. The environmental impact of
potential packaging waste was minimized by using lightweight, durable, environmentally
friendly, and optimally sized packaging materials for the products. The prototypes used
degradable, recyclable, and transparent polyethylene-based packaging [54]. Prototype 1
contained additional ingredients such as blackberry, apricot, and cinnamon. Prototype 2
contained additional ingredients such as blackberries, red lentils, pumpkin seeds, oranges,
and cinnamon. Prototype 3 contained additional ingredients such as sunflower seeds,
sesame, and date. For Prototype 3, only the coating step in the flow diagram given in
Figure 2 is omitted. Prototype 4 contained additional ingredients such as pumpkin seed,
red lentil, black fig, and cinnamon.

2.3. Life Cycle Inventory Analysis

Various raw materials were utilized in the production of prototypes, and the life
cycle of these raw materials was assessed using inventory data and information from the
LCA background data on raw material production processes. The ingredients used in the
production of prototypes are presented in Table 1.

Table 1. The ingredients of the prototypes.

Ingredient List
Amount (g)

Prototype 1 Prototype 2 Prototype 3 Prototype 4

Oat flour 25 22 22 26

Almond flour 21 7.2

Walnut flour 12

Walnut particles 14 10

Silverberry powder 3

Pumpkin seeds 9 7

Sunflower seeds 7

Sesame seeds 8.5

Red lentils flour 5 5

Dried apricot 26

Silverberry powder 4

Dried orange powder 3

Ground mulberry leaf
powder 0.7

Dried mulberry 7 10

Dried persimmon 8

Dried fig 12

Date 22 10
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Table 1. Cont.

Ingredient List
Amount (g)

Prototype 1 Prototype 2 Prototype 3 Prototype 4

Inulin (Chicory) 1.5 1.848 1.8 1.498

Vanilla extract 0.002 0.002 0.002

Cinnamon powder 0.748 0.4 0.3

Arabic gum 10 10 10 10

Water 7 7 7 7

Pectin powder 1 1 1 1

Acidized water (for
pectin solubilization)

3.75 (50 water:0.5 citric
acid 1%)

3.75 (50 water:0.5 citric
acid 1%)

3 (50 water:0.5 citric
acid 1%)

3 (50 water:0.5 citric
acid 1%)

The functional unit was a 100 g bar prototype. Each bar prototype was packaged
with low-density polyethylene film (0.6 g), a printed paper pack (1.44 g), and a wooden
stick (0.45 g). The production processes consisted of the drying and prototype production
line. Both processes consumed electricity, and electrical data was used from the EcoInvent
database. The bar production line consumed electricity, and 0.026 kWh/kg of energy was
consumed during production. For the retail phase, a 250 km average transport distance was
considered. The products do not need cool conditions, and other electricity consumptions
like illumination were cut off according to ISO 14040/44 standards, so that the environmen-
tal impact would be less than 1%. The end of life step covers the disposal of packaging
materials. According to the Turkish Statistical Institute (TURKSTAT), 61% of waste is
landfilled, 36.5% is recycled, and there is a 2.5% energy recovery [55].

Transport of Raw Materials

Considering the place where raw food ingredients are produced, the transportation
distances and transportation type according to the city of Bursa, where this study was
conducted, are presented in detail in Table 2.

Table 2. Transport types and distances of raw food materials.

Raw Food Material Region Transport Type and
Distance (Average km)

Almond Mediterranean Sea Region in Türkiye 600 (Road)

Arabic Gum Senegal 5850 (Sea)

Cinnamon Indonesia 13100 (Sea)

Palm Date Saudi Arabia 3000 (Road)
2500 (Sea)

Orange Mediterranean Sea Region in Türkiye 600 (Road)

Apricot Around Marmara Region in Türkiye 250 (Road)

Fig Around Bursa Region in Türkiye 100 (Road)

Mulberry Around Bursa Region in Türkiye 100 (Road)

Inulin Around Marmara Region in Türkiye 250 (Road)

Oat Inner Anatolia Region in Türkiye 600 (Road)

Pectin Around Marmara Region in Türkiye 250 (Road)

Persimmon Around Bursa Region in Türkiye 100 (Road)

Pumpkin Seed Inner Anatolia Region in Türkiye 600 (Road)

Red Lentil South-East Region of Anatolia in Türkiye 1200 (Road)
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Table 2. Cont.

Raw Food Material Region Transport Type and
Distance (Average km)

Sesame Seed Aegean, Mediterranean, and South-East
Anatolia Region in Türkiye 600 (Road)

Silverberry Around Marmara Region in Türkiye 250 (Road)

Sunflower Seed Around Bursa Region in Türkiye 100 (Road)

Vanilla Around Marmara Region in Türkiye 250 (Road)

Walnut Around Bursa Region in Türkiye 100 km (Road)

2.4. Life Cycle Impact Categories

The results for the impact category indicators were calculated using the Recipe Mid-
point (H) V1.13 impact evaluation method, a widely used approach in current LCA studies.
This study was conducted using SimaPro 9.6, a life cycle assessment software. The sec-
ondary data sources utilized included EcoInvent 3.10 (as of March 2024) and Agri-footprint
version 6.3 (as of September 2022). Table 3 presents the life cycle impact assessment (LCIA)
categories that are highly relevant to this study’s goals. The Environmental Footprint (EF)
3.1 methodology [56] was employed to calculate the LCIA.

Table 3. Impact categories.

Impact Category Indicator Unit Model

Global Warming
Potential (GWP)

Global Warming
Potential total
(GWP-total)

kg CO2 eq.
Baseline model of
100 years of the IPCC
based on IPCC 2013

Abiotic Depletions, Fossil
Fuels (AD)

Abiotic Depletion
potential (ADP-fossil)
for fossil resources

MJ, net calorific value CML 2002

Human Toxicity, Cancer
(HTC), and Non-Cancer
(HTNC) Effects

Potential Comparative
Toxic Unit for humans
(HTP-c) and (HTP-nc)

CTUh Usetox version 2

Land Use-Related
Impacts/Soil Quality (LU)

Potential Soil Quality
Index (SQP) dimensionless Soil quality index

based on LANCA

Water Use (WU) Use of water m3 Inventory calculation

3. Results
The results obtained provide an assessment of the environmental footprints and nutri-

tional properties of bar prototypes prepared according to the MD diet. The environmental
impact results of prototypes 1, 2, 3, and 4 are given in Tables 4–7, respectively. The “Raw
Material Production” column represents the environmental impacts resulting from inputs
such as the fertilizers, pesticides, water, and energy used in the production phase of raw
materials, including apricots, almonds, and dates. The “Raw Material Transportation”
column represents the environmental impacts resulting from the transportation phase of
raw materials. “Raw Material Production” and “Raw Material Transportation” are up-
stream processes. The “Production Process” column displays the direct environmental
impacts of core process emissions. The “Retail Phase” and “End of Life” are downstream
processes. The “Retail Phase” column shows the impacts of the retail phase. The “End of
Life” column shows the effect of the waste management of packaging materials after the
consumption of the bars. The “Total Impact” column shows the total environmental impact
of the prototypes over their life cycle.
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Table 4. Environmental impact results of prototype 1.

Impact
Category Unit Production of

Raw Materials
Transport of
Raw Materials

Production
Process Retail Stage End of Life Total Impact

GWP kg CO2 eq 2.02 × 10−1 5.54 × 10−3 7.63 x10−3 3.91 × 10−3 2.11 × 10−3 2.21 × 10−1

AD MJ 2.09 7.66 × 10−2 1.19 × 10−1 5.56 × 10−2 1.31 × 10−2 2.35

HTC CTUh 8.42 × 10−10 2.84 × 10−11 1.73 × 10−11 2.02 × 10−11 4.93 × 10−12 9.13 × 10−10

HTNC CTUh 1.02 × 10−8 4.47 × 10−11 6.03 × 10−11 3.81 × 10−11 1.52 × 10−11 1.03 × 10−8

LU Pt 1.46 × 101 4.18 × 10−2 1.82 × 10−1 4.16 × 10−2 1.08 × 10−2 1.48 × 101

WU m3 1.32 × 10−1 1.13 × 10−1 1.26 × 10−4 9.51 × 10−6 2.61 × 10−6 1.32 × 10−1

Table 5. Environmental impact results of prototype 2.

Impact
Category Unit Production of

Raw Materials
Transport of
Raw Materials

Production
Process Retail Stage End of Life Total Impact

GWP kg CO2 eq 2.01 × 10−1 8.75 × 10−3 8.23 × 10−3 3.91 × 10−3 2.11 × 10−3 2.24 × 10−1

AD MJ 2.55 1.21 × 10−1 1.29 × 10−1 5.56 × 10−2 1.31 × 10−2 2.87

HTC CTUh 6.81 × 10−10 4.46 × 10−11 1.84 × 10−11 2.02 × 10−11 4.93 × 10−12 7.69 × 10−10

HTNC CTUh 1.32 × 10−9 6.99 × 10−11 6.15 × 10−11 3.81 × 10−11 1.52 × 10−11 1.51 × 10−9

LU Pt 2.13 × 101 6.52 × 10−2 1.82 × 10−1 4.16 × 10−2 1.08 × 10−2 2.16 × 101

WU m3 2.86 × 10−1 1.78 × 10−5 1.27 × 10−4 9.51 × 10−6 2.61 × 10−6 2.87 × 10−1

Table 6. Environmental impact results of prototype 3.

Impact
Category Unit Production of

Raw Materials
Transport of
Raw Materials

Production
Process Retail Stage End of Life Total Impact

GWP kg CO2 eq 2.14 × 10−1 6.11 × 10−3 8.08 × 10−3 3.91 × 10−3 2.11 × 10−3 2.34 × 10−1

AD MJ 2.35 8.42 × 10−2 1.26 × 10−1 5.56 × 10−2 1.31 × 10−2 2.63

HTC CTUh 9.08 × 10−10 3.12 × 10−11 1.81 × 10−11 2.02 × 10−11 4.93 × 10−12 9.82 × 10−10

HTNC CTUh 3.99 × 10−9 4.88 × 10−11 6.12 × 10−11 3.81 × 10−11 1.52 × 10−11 4.16 × 10−9

LU Pt 2.15 × 101 4.55 × 10−2 1.82 × 10−1 4.16 × 10−2 1.08 × 10−2 2.18 × 101

WU m3 1.98 × 10−1 1.24 × 10−5 1.27 × 10−4 9.51 × 10−6 2.61 × 10−6 1.98 × 10−1

Table 7. Environmental impact results of prototype 4.

Impact
Category Unit Production of

Raw Materials
Transport of
Raw Materials

Production
Process Retail Stage End of Life Total Impact

GWP kg CO2 eq 1.74 × 10−1 6.19 × 10−3 8.23 × 10−3 3.91 × 10−3 2.11 × 10−3 1.94 × 10−1

AD MJ 1.73 8.58 × 10−2 1.29 × 10−1 5.56 × 10−2 1.31 × 10−2 2.01

HTC CTUh 9.13 × 10−10 3.19 × 10−11 1.84 × 10−11 2.02 × 10−11 4.93 × 10−12 9.88 × 10−10

HTNC CTUh 2.86 × 10−9 5.08 × 10−11 6.15 × 10−11 3.81 × 10−11 1.52 × 10−11 3.03 × 10−9

LU Pt 1.05 × 101 4.78 × 10−2 1.82 × 10−1 4.16 × 10−2 1.08 × 10−2 1.08 × 101

WU m3 6.83 × 10−2 1.29 × 10−5 1.27 × 10−4 9.51 × 10−6 2.61 × 10−6 6.84 × 10−2
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The results of the environmental impact categories in Tables 4–7 differ according to the
prototypes. Since each prototype weighing 100 g contains many different foods (dried fruits,
legumes, cereal-based products, and random foods) in its structure, a direct comparison
with the data in the literature was not possible. However, a study examining the average
environmental impacts for the main food groups per 100 g of food in the Norwegian
LCA food database gave the GWP for 100 g grains as 0.196 kg CO2 eq., WU 0.019 m3,
and LU 0.233 m2. For 100 g of fruits, berries, nuts, and seeds, the GWP was given as
0.162 kg CO2 eq, WU 0.040 m3, and LU 0.164 m2 [57]. The results for the prototypes, as
shown in the tables, are generally higher than the values reported in the literature. This
discrepancy is likely due to prototypes containing various food components, utilizing local
data, and providing a comprehensive evaluation of environmental impacts.

Figures 3–6 show the environmental impacts shared among the life cycle steps for
prototype 1, prototype 2, prototype 3, and prototype 4, respectively. The raw material
production stage is the primary environmental impact source in all categories for the
prototypes. The research indicates that for most simple food products, the agricultural
production phase is the primary source of environmental impacts, while later stages such
as processing, transport, packaging, and distribution typically have a lesser impact [58].
This is especially true for impacts related to land use, such as biodiversity and soil quality.
It also encompasses the effects of pesticide use (both aquatic and terrestrial ecotoxicity)
and, in general, the impacts of fertilizer use and nutrient losses [59]. GWP and HTC are
mainly affected by the AD impact category. The main reason for this is that these impact
categories are dominated by fossil fuel use and combustion. European GHG emissions
from the agricultural sector were reported to account for 10% of total GHG emissions [60].
Fossil fuel use is linked to adverse human health conditions, including cancer [61]. On
the other hand, the secondary and third origins of HTC are fertilizer and pesticide use,
respectively. HTNC takes a different path and originates from fertilizer and pesticide use
in the production of fruits [62].

Figure 3. Environmental impact shares of prototype 1 by life cycle step.

During the life cycle of prototype 1, 91% of the GWP impact is due to the production
of raw materials because of the use of fossil energy resources. A total of 3% of the impact is
due to the transportation of raw materials. It has also been stated in the literature that the
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transportation, processing, and packaging stages have lower environmental importance
than the production stage [63]. Truck transportation is the main and sometimes the only
option in Türkiye [64], and the use of fossil fuels during production increases the GWP
impact by 3%. The impact rate is almost the same as transportation due to the use of fossil
energy in the production process. The “Retail” and “End of Life” stages are downstream
processes, and the GWP impact is due to the use of fossil fuels during the transportation
of products (retail) and packaging waste (end of life). LU and WU are the main inputs
of the farming stages of raw materials. For LU, almonds (33.8%), apricots (30.6%), corn
(7.14%), and silverberries (9.37%) are the main contributors. Almond (56.4%), apricot
(32.7%), silverberries (7.69%), and corn (2.76%) increase the WU effect dominantly [65].
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Figure 4. Environmental impact shares of prototype 2 by life cycle step.
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When Figure 4 is examined, 90% of the total impact is due to the production of raw
materials due to the fossil energy sources used, as explained above. A total of 4% of
the impact is due to the transportation of raw materials. The use of fossil fuel in truck
transportation during production increases the GWP impact by 4%. On the other hand, oat
production reduces the HTNC impact due to the absorption of heavy metals by oats during
cultivation [24]. The farming steps of oat and palm date dominate LU and WU impact
categories. A total of 95.3% of the WU impact originates from palm date production. The
LU impact category is dominated by palm date with a 79.2% share. Meanwhile, oat has
3.44% and silverberries have 3.13% of the total impact in this category.
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Figure 6. Environmental impact shares of prototype 4 by life cycle step.

Figure 5 shows that 91% of the GWP impact during the life cycle of prototype 3 is
due to raw material production due to the use of fossil energy sources. A total of 3% of
the impact is due to raw material transportation. LU and WU are the main inputs of the
farming stages of raw materials. The WU impact is dominated by date palm production,
with a share of 62.7% [27]. Meanwhile, sesame has a 12.9% impact on the total WU category,
and mulberries have an 11.8% impact. The LU impact is due to oat (15.8%), sunflower seed
(20%), sesame (8.1%), mulberries (10.5%), date (33.9%), and date (8.4%).

When the GWP impact shares for prototype 4 are examined throughout its life cycle
in Figure 6, 89% is due to raw material production due to the use of fossil energy sources.
A total of 3% of the impact is due to the transportation of raw materials. The production
process represents 4% of the impact rate due to the use of fossil energy. For prototype 4,
agricultural steps of oats and fruits are dominant in the LU and WU impact categories. A
total of 93.9% of WU impact is due to mulberry and fig production [29,30]. In LU impact,
the oat share is 11.2%, the fig share is 26.8%, and the mulberry production share is 34.3%.

Figure 7 summarizes the environmental impact comparison of the prototypes in a
single graph. The relative environmental impacts of the prototypes vary by the impact
category. Table 8, which was created to facilitate the evaluation of the prototypes for the
environmentally greener product, can be helpful in decision-making.
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Table 8. Studies examining the environmental effects of foods and diets compatible with the MD.

Country Foods/Diets LCA Boards and
Methods

Environmental Impact
Categories Highlights Reference

Italy

meat, fish, eggs, milk and
derivatives, tubers,
cereals/derivatives, legumes,
seasoning fats, fruit, vegetables,
and random foods (sweets,
snacks, sugary drinks, sugar,
and alcoholic beverages)

cradle-to-gate
ReCiPe 2016
Endpoint method

GWP, Ozone formation,
Acidification;
Eutrophication;
Ecotoxicity, LU, WU,
Stratospheric ozone
depletion; Ionizing
radiation; Fine particulate
matter formation; HTC,
HTNC

• Italian eating habits are
less sustainable than the
eating pattern
recommended by the
Mediterranean diet and,
therefore, a transition to a
Mediterranean dietary
pattern may create less
pressure on the
environment and human
health.

[66]

Lebanese

fruits, vegetables, legumes,
olive oil, burghul (crushed
whole wheat), milk and dairy
products, starchy vegetables,
and dried fruits, eggs

NA GHG, Energy use, WU

• The MD has a positive
impact on the protection
and conservation of
environmental resources,
such as water and GHG
emissions.

[67]

Spain

fruits, vegetables, pulses,
potatoes, whole grains, fish,
olive oil, poultry, red meat,
dairy products with fat, and
alcohol

NA
GHG, LU, Energy use,
Acidification,
Eutrophication

• MD adherence and calorie
reduction mediate
improved environmental
impact.

• An energy-reduced MD
improves acidification,
eutrophication, and land
use.

• Meat has a greater impact
on acidification,
eutrophication, land use,
and energy.

[68]
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Table 8. Cont.

Country Foods/Diets LCA Boards and
Methods

Environmental Impact
Categories Highlights Reference

Italy

bread, pasta, and flour products,
potatoes, vegetables and fruits,
meat and meat products, dairy
products, and fish

NA GHG

• The MD could represent
the best compromise
between the need to
reduce the environmental
impact of food
consumption and
maintain the cultural
meaning of food
consumption behavior.

[69]

Greece

meat, fish, dairy products, eggs,
cereal-based products, sugar,
oils, tubers, vegetables,
legumes, fruits, and nuts

NA LU, WU, GHG,
Eutrophication

• The transition to an MD
places less pressure on
biodiversity, including
lower LU, WU, GHG, and
eutrophication emissions.

[70]

Türkiye

dried fruits, legumes,
cereal-based products, and
random foods (pectin powder,
Arabic gum, and spices)

cradle-to-grave
Environmental
Footprint (EF) 3.1
method

GWP, AD, HTC, HTNC,
LU, WU

• The environmental impact
is mainly due to the use of
fossil fuels, water,
fertilizers, and
pesticides/insecticides
during the production
phase.

This
study

NA: not applicable.

Considering Figure 7, it is possible to evaluate prototype 4 as the greenest prototype
with the lowest environmental impacts. Table 8 shows that different environmental impact
assessment methods and categories are used for menus and foods prepared according to
the MD diet.

Table 8 shows that most of the MD-compliant studies examined a limited number of
environmental impact categories, and it is unclear which method was used to measure the
categories. System boundaries are defined according to the objectives of a single study. Data
quality and incompleteness, particularly the limited availability of life cycle inventory data
for agricultural production systems in developing countries, make comparative analyses
difficult. It has also been emphasized in the literature that environmental impacts should
cover the production chain up to the point of sale, including agricultural production,
processing, transportation, and distribution, for studies examining the analysis of food
consumption [59]. Most studies that aim to estimate the environmental impacts associated
with the food sector have limited the issue to climate change only; however, it is reported
that the food sector can extend its impact to a wider range of environmental categories [71].
In addition, each country has a unique mix of foods from local, indigenous, and global
food systems. Therefore, environmental and climate impacts of diets are assessed based
on country or region-specific data reflecting specific local and domestic production and
import impacts [72].

4. Discussion
This research aims to contribute to the understanding of how the environmental im-

pacts of snack bars, which have been studied in limited numbers, are affected by the food
used and production, transportation, and disposal processes, and to raise awareness of
the importance of dietary behavior in protecting ecosystems. The environmental impact is
mainly due to the use of fossil fuels, water, fertilizers, and pesticides/insecticides during
the production phase. The transportation of raw materials also has a significant impact.
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Using train or sea transportation is important to reduce this significant impact. However,
transportation mode options are limited in Türkiye. To reduce the short-term impact
related to transportation, raw materials can be supplied from nearby regions as much as
possible. The environmental impacts of the production phase are due to the use of electrical
energy. The end-of-life impact is due to packaging materials. The end-of-life impact can be
reduced by reducing the use of packaging materials. Studies suggest that a diet rich in plant
products and low in animal products will be more beneficial in terms of environmental sus-
tainability [70,73]. The MD is primarily plant-based and can help protect the environment
from further degradation and play an important role in supporting biodiversity [74]. It is
widely accepted that replacing animal-based foods (such as meat, fish, eggs, milk, and dairy
products) with plant-based alternatives (such as plant-based analogs and herbal beverages)
will have a significant positive impact on human and global health. Plant-based dietary
patterns, such as the Mediterranean, pescatarian, and vegetarian diets, have been associated
with a 16–41% reduction in the incidence of type 2 diabetes, a 7–13% reduction in cancer
incidence, and a 20–26% reduction in the mortality rate from coronary heart disease [75].
This transition will be facilitated by the availability of more affordable, easy-to-consume,
sustainable, nutritious, and delicious plant-based foods, enabling consumers to change
their dietary habits and adopt a healthier and more sustainable diet [76]. Sustainable diets
are healthy diets derived from sustainable food systems that advance human well-being
and protect ecological resources in socially acceptable ways. A key strategy for achieving
the SDGs is to promote sustainable diets, or healthy diets derived from sustainable food
systems [77]. It has also been emphasized that SDG 12 (responsible consumption and
production) and SDG 3 (good health and well-being) are strongly linked to sustainable
diets [78–80]. This characteristic of the MD has been reported to stem primarily from the
greater consumption of local, seasonal plant-based foods and the lower consumption of
animal products [81]. It has been reported that the MD can promote a healthier lifestyle
and reduce the incidence of chronic diseases, offering a sustainable and effective strategy to
improve health and quality of life in aging individuals [82]. It has been emphasized that the
MD should be embraced because it provides both health and environmental benefits, and
that it should not be limited to the population in the Mediterranean region but should be
promoted and facilitated more generally [83]. By choosing and consuming environmentally
friendly foods, we can promote biodiversity and reduce or eliminate the use of harmful
chemicals that negatively affect both human and environmental health [84]. Studies on
food and environmental sustainability should utilize region-specific life cycle inventory
databases for food, agriculture, and energy. Furthermore, environmental impact categories
other than GWG should be considered, and the scope of environmental assessments should
be expanded [85].

5. Conclusions
This study assessed the environmental performance of four snack bar prototypes

developed in line with the MD. The analysis covered the entire LCA, from the production
of raw materials to waste management after consumption. The results clearly showed
that the production of raw materials was the dominant source of environmental impacts,
contributing nearly 90% of total greenhouse gas emissions. Transportation and manufac-
turing processes had much smaller effects, each responsible for only about 3–4% of the
total impact. Ingredient composition was found to be the most decisive factor. Water- and
land-intensive crops such as almonds, dates, and figs significantly increased environmental
pressures, particularly in terms of land use and water consumption. For example, water
use ranged from 0.068 m3 in the most efficient prototype to 0.287 m3 in the least efficient
one. Across the prototypes, prototype 4 demonstrated the lowest impacts in four cate-
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gories, indicating superior environmental performance. It had the lowest greenhouse gas
emissions (0.194 kg CO2-eq), the lowest fossil energy demand (2.01 MJ), and the smallest
requirements for land and water.

In summary, selecting ingredients with lower environmental burdens and sourcing
them responsibly can substantially reduce the ecological footprint of snack bar production.
These results underline the importance of integrating sustainability considerations into
food design and can inform both producers and policymakers seeking to promote healthier
and more environmentally friendly diets.
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