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Abstract

The dairy sector presents various environmental impacts and a transition towards more
ecological processes is required. This might be achieved through life cycle assessment,
a tool used to evaluate the environmental impacts of a product throughout its life cycle.
This paper aims to assess the environmental performance from cradle-to-grave of a dairy
product, 1 kg of yogurt. To model the life cycle inventory and life cycle impact assess-
ment phases, the SimaPro software and the IMPACT 2002 + method are used, respectively.
Water scarcity is assessed using the Available WAter REmaining (AWARE) consensus
methodology. The results show that the milk production accounts for the highest impacts
due to animal crops, whether imported or cultivated. The latter crops require fertilizers,
which contribute by 72.3% to global warming, 72.5% to terrestrial acidification/nutrifica-
tion, and 64.4% to aquatic eutrophication. Imported crops contribute to all impact cate-
gories except for non-carcinogens and terrestrial/aquatic ecotoxicity, for which a positive
contribution on the environment is observed due to the use of organic fertilizers for the
crops production. Environmental impacts are also imposed on the other categories due to
crops production and fuel consumption. It is shown that the use of organic fertilizers and
reduction of the distance of importation could be two potential ways to decrease the envi-
ronmental load for some impact categories. For the water scarcity, the water consumed to
produce 1 kg of yogurt is 285 L and the feed production stage contributes to 97.71% of the
total water scarcity (2.00E+01 m® world eq).

Keywords Life cycle assessment - Dairy products - Food production - Water scarcity -
Sustainability

< Rima Manneh
rima.manneh @balamand.edu.lb

Jane Hayek
jane.hayek @std.balamand.edu.lb

Makram EI Bachawati
makram.bachawati @balamand.edu.lb

Chemical Engineering Department, University of Balamand, El Koura, North Lebanon, PO
Box 100, Tripoli, Lebanon

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10668-021-01445-6&domain=pdf

Life cycle assessment and water footprint scarcity of yogurt 18363

1 Introduction

According to the United Nations (UN) organization, the current world population is
expected to increase to 9.8 billion by the end of 2025 with a yearly increase of approxi-
mately 83 million individuals (UN, 2017). Due to this population growth, a constant
increase for nutritional products is expected. Over the past decade, consumers started to
be more aware about the quality of the food, its production and manufacturing, and its
environmental impacts. Regarding the dairy sector, a 30% increase in the demand for dairy
products is predicted by 2024 (OECD/FAO, 2015). To supply such demand, the production
capacity must be intensified.

The Lebanese dairy sector has grown and diversified throughout the years, proving its
economic standing as a key player in the agro-industrial sector. The dairy industry has long
been part of the history of the Bekaa Valley, known as the dairy basin of Lebanon account-
ing for 150 to 200 tons of milk a day. More specifically, Lebanese yogurt accounts for
18.75% of total dairy production by mass. Six dairy companies provide 75% of the local
demand (Mikhael, 2016).

The dairy sector emits a significant amount of greenhouse gases (GHGs) due to the use
of various resources for production (Meneses et al., 2012). Within the animal production
sector, the dairy milk sector presents the highest GHGs emissions (28-30%) compared to
the beef production (28-29%) and the pork production (25-29%) sectors (Weiss and Leip,
2012). Within the manufacturing sector, the dairy industry is considered the fifth largest
consumer of energy (Munir et al., 2014). Moreover, the dairy sector presents various envi-
ronmental impacts due to agricultural activities, industrial applications, water and energy
consumption, transport, and packaging disposal. The main environmental indicators for the
dairy industries are milk production, transport, energy needs, water-to-milk ratio, energy-
to-milk ratio, wastewater generation, chemical cleaning agents, and packaging (Djekic et
al., 2014). These environmental indicators could have several environmental impacts, such
as eutrophication, acidification, global warming, ozone layer depletion, photo-oxidant for-
mation, and human toxicity. The International Dairy Federation (IDF) considers global
warming, acidification, and eutrophication as the main environmental damages since
they are the most common indicators related to the dairy sector (IDF, 2015). To take into
account these impacts, a sustainable improvement of this sector is needed to identify the
environmental threats and try to reduce them as much as possible. In order to meet these
arising challenges, a transition to a greener process is needed to account for the environ-
mental impacts of a product from cradle to grave; that is, from the extraction of raw materi-
als to its disposal. Life cycle assessment (LCA) is a comprehensive tool that evaluates all
aspects of the environment, from raw material extraction to end of life (ISO, 2006a). This
methodology is used to identify hotspots and improve the production chain by reducing the
overall environmental impacts imposed by the production process.

2 Literature review

Around the world, research on dairy products is emerging, and relatively limited studies
are done on yogurt. For example, several LCA studies have focused on the environmental
impacts of milk production. Eide (2002) evaluated liquid milk from three Norwegian dair-
ies, while Fantin et al. focused in 2012 on the evaluation of high-quality Italian milk (Eide,
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2002; Fantin et al., 2012). These studies highlighted that the agriculture phase and raw
milk production in farms dominated all impact categories. In addition, other LCA studies
evaluated the environmental impacts of cheese production. Berlin published in 2002 the
first LCA study on Swedish semi-hard cheese, while Finnegan et al. conducted an LCA
study in 2017 for 16 different cheese types (Berlin, 2002; Finnegan et al., 2018). Both stud-
ies confirmed that raw milk production was the main contributor to the following impact
categories: acidification, eutrophication, and global warming. Moreover, the Brazilian case
study on the evaluation of the impact of cheese production on the environment conducted
by Santos et al. in 2017 confirmed that the environmental impacts of the cheese life cycle
were at the level of raw milk produced in the farm and not at the dairy factory (Santos
et al., 2017). Furthermore, Djekic et al. (2014) study was carried out on six types of dairy
products: cheese, cream, yogurt, butter, pasteurized milk, and ultra-high temperature milk
for seven Serbian dairy factories. A total of 29 cradle-to-grave LCAs were performed to
quantify impacts on three subsystems: dairy farm, dairy plant, and wastewater treatment.
The environmental impacts studied were global warming, acidification, ozone layer deple-
tion, photochemical smog, eutrophication, and human toxicity. The results were consistent
and confirmed that milk production in dairy farms presented the largest contribution for all
impact categories, particularly in the following categories: global warming, acidification,
and eutrophication (Djekic et al., 2014). Another LCA study reported on yogurt in litera-
ture is in 2013 by Gonzélez-Garcia et al. The main conclusions of this study were that milk
production has the highest environmental loads and energy requirements, accounting for
91% of the acidification potential (AP), 92% of the eutrophication potential (EP), and 62%
of the global warming potential (GWP) (Gonzalez-Garcia et al., 2013a, 2013b). To date,
few studies about cradle-to-grave LCA and water footprint of yogurt can be found in the
literature. First, a comprehensive water footprint assessment on a dairy farm and five pro-
cessing plants was performed in China. However, the water footprint assessment focused
on volume rather than scarcity impacts and did not investigate the yogurt itself but rather
the dairy industry chain (Bai et al., 2018). The second study was performed by Owusu-
Sekyere et al. (2017) to investigate the water footprint of yogurt and different dairy prod-
ucts in South Africa. However, this study used the method of blue, grey, and green water to
evaluate the scarcity and did not include any other impact categories. The third study found
in literature focused on the carbon and water footprint of yogurt for the context of Catalo-
nia in Spain (Vasilaki et al., 2016). It investigated the water footprint using the water stress
index method developed by Pfister et al. (2009). To the best of our knowledge, this paper
is a pioneer in evaluating the water scarcity impacts using the Available WAter REmaining
(AWARE) method developed by the Water Use in Life Cycle Assessment (WULCA) con-
sensus working group (Boulay et al., 2015, 2018).

In the Middle East, only one LCA study for yogurt was found in the literature. The LCA
on 1 ton of yogurt was performed in Turkey; however, it lacked many components present
in the current study. First and foremost, it does not include a water scarcity analysis in
which detailed calculations lead to obtaining the total amount of water consumed for the
production of 1 kg of yogurt. Furthermore, in the Turkish study, the results were modelled
based on six impact categories only (global warming, acidification, eutrophication, photo-
chemical oxidant creation, ozone layer depletion, and human toxicity), whereas this paper
investigates 15 impact categories (Uctug et al., 2019).

This current research, the first of its kind in Lebanon for the agri-food industry,
highlights the environmental performance of 1 kg of Lebanese yogurt produced by
Skaffarm and consumed in Lebanon through a cradle-to-grave LCA study. This work
can help promote the implementation of LCA at industrial levels, especially that LCA
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is still a new field for the Lebanese context and only few studies have been published
to date (El Bachawati et al., 2016; Tannous et al., 2018; Koura et al., 2020; Saba et al.,
2020).

3 Materials and methods

A life cycle assessment (LCA) is performed to determine and analyse the potential environ-
mental impacts derived from 1 kg of yogurt (commonly named “Laban”) produced by the
industry Skaffarm located in Zahle (Bekaa region) and consumed in Lebanon. In particu-
lar, yogurt in this paper refers to a firm white product, similar to plain Greek yogurt. Cal-
culations needed to build the life cycle inventory model are all dependent on the average
yearly milk production at the industry (i.e. 72.62E + 04 kg), and more specifically the aver-
age yearly yogurt production (i.e. 89.0E + 03 kg).

The LCA methodology used in this study is based on the ISO 14040 series of standards,
which include the following phases: goal and scope definition, life cycle inventory analysis,
life cycle impact assessment, and interpretation (ISO, 2006a).

3.1 Goal and scope

Following ISO 14040 and ISO 14044 frameworks (ISO, 2006a, 2006b), this non-compar-
ative study intends to quantify the environmental performance and the water scarcity of
1 kg of yogurt through its entire life cycle, i.e. from cradle to grave. Therefore, the consid-
ered life cycle stages are the feed production, milk production, yogurt production, packag-
ing, distribution, consumption, and disposal. The study is intended for internal applica-
tion, but also for external applications to encourage the use of LCA in Lebanese industries.

The functional unit (FU) is used to quantify the function and provide a reference relat-
ing the inputs and outputs used for reference flow calculations. The FU used is as follows:
“1 kg of yogurt in a transportable container”, which means 1 kg of yogurt produced in the
industry and its packaging. The system boundary adopted in the study is cradle-to-grave
(from raw materials extraction to end-of-life) and is represented in Fig. 1.

3.2 Life cycle inventory

The life cycle inventory is modelled using the SimaPro (v.9.0) software (Goedkoop et al.,
2013). Primary data are gathered from the site visit done to Skaffarm, such as the electric-
ity needed for the whole industry, the amount of milk produced by the cattle, the amount
of fertilizers and pesticides used during the agriculture of oat and maize, etc. Table 1
shows a pedigree matrix based on Weidema and Wesnaes (1996) indicating and explain-
ing the data quality indicators for the primary data in terms of reliability, completeness,
and temporal, geographical, and technological correlations. To determine the secondary
data, the ecoinvent database 3.3, European Lifecycle Database (ELCD), and United States
Life Cycle Inventory (USLCI) libraries are used (ecoinvent, 2016; European Life Cycle
Database, 2006; U.S. Life Cycle Inventory Database, 2012). Examples of secondary data
are the amount and type of fuel needed for electricity production. The data are selected
from the ecoinvent database to represent as much as possible the country where the pro-
cess is occurring. Nevertheless, for some processes, no country-specific data are avail-
able in ecoinvent. Therefore, in those cases, global (GLO) or rest of the world data
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(ROW) are taken into consideration. Other data are collected from the literature such
as the economic allocation of milk and calves, the percentage of plastic incinerated and
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landfilled in Lebanon, and the transport allocation from the market to the consumer
(Thoma et al., 2013; Abbas et al., 2017; European Commission, 2018).

The feed production phase includes the production of oat and maize needed for cattle
feed. To produce the agricultural products, several inputs are required such as grain seeds
for cultivation, water for irrigation, and diesel for water pumping. In addition, fertilizers
and herbicides are supplied to the soil as nutrients and are essential for plant growth. Based
on the data obtained from Skaffarm, the types of fertilizers and herbicides used in the farm
are nitrogen/phosphate and phenolic, respectively. It is worth mentioning that oat seeds,
maize seeds, fertilizers, and herbicides are imported from Italy. Once oat and maize are
produced, they are transported from the field to the farm using agricultural trucks.

Since the crops produced in the farm do not supply the farm demand, other types of
grains for the cows feed are imported from Latin America such as maize grain and soy-
bean. In addition, cow manure, considered a by-product, is being reused as a fertilizer.
Therefore, it is represented by the following process in SimaPro: “nitrogen fertilizer supply
from manure”.

Data obtained from the farm are expressed as mass of material consumed per one milk-
ing cow, per day. To calculate the data with respect to the functional unit, each input is
multiplied by the number of milking cows considered, i.e. 125, then converted to 1-year
consumption. Afterwards, the fraction of yogurt from milk production is calculated know-
ing that the yearly production of yogurt and milk are 89.0E+03 kg and 72.62E+04 kg,
respectively. Furthermore, the amounts of maize and oat needed to produce 1 kg of yogurt
are also calculated to be 22.3E-01 kg maize and 3.35E-01 kg oat. Moreover, an economic
allocation is considered for the two co-products, milk and calves, according to Thoma et al.
(2013). The economic allocation fractions for milk and calves are 90% and 10%, respec-
tively. The inventory of this stage modelled in SimaPro is represented in Table 2.

The milk production stage includes the production of cow milk. To this end, water is
used for cows and farm cleaning. The pesticide used to control pests in dairy cattle and the
cows medicine (e.g. butyrolactone compounds) are imported from Spain but represented
in SimaPro as rest of world (RoW) due to the lack of available data for Spain. As for the
vitamin C, represented by inorganic chemical, it is also taken into consideration as a sup-
plement for the cows and is imported from Latin America. In addition, electricity required
in the farm is also accounted for and is represented by the Lebanese electricity grid (LB).

Table 2 Feed production data

Output Ecoinvent process Quantity  Unit

3.35E-01 kg Oat  Water 221E-01 m?

22.3E-01 kg Maize Diesel, market group for, GLO 8.85E-04 kg
Oat seed, for sowing { GLO}| market for oat seed, for sowing | Alloc  9.3E-03 kg

Def, U

Maize seed, for sowing { GLO}I market for | Alloc Def, U 2.23E-03 kg
Nitrogen fertilizer, market for, GLO 2.97E-02 kg
Phosphate fertilizer, market for, GLO 3.35E-02 kg
Phenoxy-compound, market for, GLO 2.23E-06 kg
Maize grain, feed production, GLO 2.83E-01 kg
Soybean, feed production, GLO 1.70E-01 kg

Nitrogen fertilizer, nutrient supply from manure, solid, cattle, GLO  2.5E+01 kg
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Table 3 Milk production data

Output Ecoinvent process Quantity Unit

1.60E-01 kg Milk Water 4.10E-02 L
Pesticide unspecified, production, RoW 4.46E-05 kg
Butyrolactone, market for, GLO 2.86E-06 kg
Chemical, inorganic, production, GLO 1.13E-02 kg
Electricity, medium voltage, LB 3.10E-02 kWh

Table 3 represents all inputs considered to obtain 1.60E-0.1 kg milk, which is the amount
of milk needed to produce 1 kg of yogurt at Skaffarm.

Yogurt production includes all activities taking place in the dairy factory such as milk
pre-treatment, homogenization, pasteurization, incubation, cooling, filling, storage, and
refrigeration. The output of this stage is the production of yogurt. The inputs include addi-
tives such as salt culture (Lactobacillus) for lactose fermentation represented by yeast
paste. Water is also an essential input used as a softener, and for processing and clean-
ing. The following products are used for the Cleaning in Place (CIP): soda represented by
soda ash, acid represented by nitric acid, and chlorine. It should be noted that CIP soda,
CIP acid, and chlorine are imported from Germany; whereas the additive salt culture is
imported from Denmark. Electricity for refrigeration and production activities is also taken
into consideration and is represented by the Lebanese electricity grid. Table 4 represents
the yogurt production data as entered in SimaPro.

The 57 g yogurt packaging is high-density polyethylene (HDPE) produced in Berdawni
Plast located in Roumieh, Lebanon. Since plastic moulds are imported mainly from Saudi
Arabia and Qatar, the average distance by ship is calculated and used. Furthermore, the
process in Berdawni Plast is injection moulding which is also included in the modelling.
For the container cap, 2 g of polypropylene granules are considered (Table 5).

Table 4 Yogurt production data

Output Ecoinvent process Quantity Unit

1 kg yogurt Water 7.13E-03 m?
Chlorine liquid, production, GLO 7.75E-03 kg
Soda Ash, market for, GLO 6.69E-04 kg
Nitric acid, without water, in 50% solution state, GLO 6.69E-04 kg
Yeast paste, from whey, at fermentation/CH S 2.67E-06 kg
Electricity, medium voltage, LB 1.55E-01 kWh

Table5 Yogurt packaging data

Output Ecoinvent process Quantity Unit
57 g yogurt packag-  High-density polyethylene resin, at plant/RNA 5.50E+01 g
ng Injection moulding, market for, GLO 5.50E+01 g
Polypropylene granulate, market for, GLO 2.00E+00 g

@ Springer



18370 J.Hayek et al.

The distribution includes the delivery of the final product to the market using refrig-
erated trucks; therefore, it considers the electricity required for refrigeration and the die-
sel consumed by the trucks (Tables 6 and 7). Since yogurt is only distributed in Bekaa
according to the industry, the distance from the start to the end of Bekaa is accounted for
(i.e. 121 km as per Google Maps (Google, n.d.)). This value is multiplied by 1.057 kg of
yogurt and container and divided by 1000 to obtain the ton.km (tkm) unit. Similarly to
Gonzalez-Garcia et al. (2013a, 2013b), the fraction of yogurt unsold in the market rep-
resents a small amount and constitute small losses, and therefore is excluded from the
study due to the lack of availability of data.

The use phase (Table 7) includes the transportation by car of the yogurt from the
market to the consumer (Nielsen et al., 2003). It also includes the activities done by the
consumer after the purchase, i.e. yogurt refrigeration. It is assumed that the maximum
refrigeration period is 7 days (National Food Safety Database, 2011). Here it should
be noted that the transport of yogurt from market to consumer is allocated to 5% of the
distance transported since it is assumed that the consumer buys many other products
aside yogurt (i.e. 10 km is multiplied by 5% to account the distance market-consumer)
(European Commission, 2018).

The end of life stage (Table 8) includes waste management of the plastic contain-
ers. It also includes the transportation of the containers to the final waste management
destination, i.e. from Zahle to Beirut landfill. It should be noted that two options are
considered in the final disposal stages: landfill and incineration. The landfilling and
incineration percentages are based on the literature depending on the amount of plas-
tic landfilled and incinerated in Lebanon, i.e. 70% and 30%, respectively (Abbas et al.,
2017).

Table 6 Yogurt distribution data

Output Ecoinvent process Quantity Unit
Distribution of 1 kg Yogurt Freight, lorry, with refrigeration machine, 7.5-16 ton, 2.56E-01 tkm
EURO4, GLO

Table7 Yogurt usage data

Output Ecoinvent process Quantity Unit
Refrigeration and transport of 1 kg yogurt Refrigeration, small, A 6.8E+00 Lday
Passenger car, EURO4, RoW 5.00E-01 km

Table 8 End of life data

Output Ecoinvent process Percentage (%) Waste type
Landfilling Waste polyethylene {RoW }| treatment of 70 Polyethylene
waste polyethylene, sanitary landfill |
Alloc Def, U
Incineration Waste polyethylene {RoW}| treatment of 30 Polyethylene

waste polyethylene, municipal incinera-
tion | Alloc Def, U
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Transportation (in tkm) is calculated by multiplying the transportation distance by the
amount of the material being transported. Table 9 represents the mass and distance of each
material used in the modelling.

3.3 Life cycleimpact assessment

The life cycle impact assessment (LCIA) method used to calculate the potential environ-
mental impacts of 1 kg of yogurt is IMPACT 2002 +. It translates the results of the life
cycle inventory (LCI) to 15 different impact categories such as global warming, eutrophi-
cation, and acidification (Jolliet et al., 2003). As for the assessment of use and depletion
of water resources within LCA, the consensus AWARE method from WULCA working
group is followed. In this paper, the water scarcity is calculated in m® world equivalent
for each process used to model the life cycle of yogurt. In particular, the water scarcity
is computed by multiplying the quantity of water consumed for each process included in
the system boundaries by the AWARE (Available WAter REmaining) factor specific to the
country where the process takes place and specific to the type of activity (agricultural or
non-agricultural) (AWARE Factors, 2018; Boulay et al., 2018). To this end, the direct con-
sumption of water at different life cycle stages and the indirect consumption of water due
to other processes such as transport and power generation are considered. Indirect water
consumption is determined using the ecoinvent database. The total water scarcity footprint
is then evaluated as the sum of the water scarcity for all the considered life cycle processes.

4 Results and discussion

The following subsections discuss the environmental contribution of the materials/pro-
cesses included in the yogurt life cycle to the different impact categories at the level of
characterization. The results are also compared with available literature and different
assumptions are tested using sensitivity analyses.

4.1 Contribution to environmental impacts

Figure 2 shows the characterization results for the whole yogurt life cycle including the
packaged yogurt production, use phase (consumer product transport and refrigeration at
home), and disposal (landfilling or incineration). Table 10 indicates the impact score for
each impact category, during each life cycle stage and for the product’s entire life cycle. It
can be clearly seen that packaged yogurt production shows the highest contribution for all
impact categories. Plastic disposal shows little environmental impact in comparison with
packaged yogurt production. For example, for terrestrial acidification/nutrification impact
category, 88.7% of the impact is due to the packaged yogurt production (5.83 E-02 kg
S0,eq), 5.5% for plastic disposal (3.60 E-03 kg SO,eq), and the rest is for refrigeration and
consumer transport (3.86 E-03 kg SO,eq).

Figure 3 represents the percentage contribution of the different life cycle stages to the
water consumption and water scarcity. Tables 11, 12, 13, and 14 display the quantity of
water consumed by each process, the AWARE factor, the country where the process takes
place, and the water scarcity in m> world equivalent. The total amount of water consumed
to produce 1 kg of yogurt is 285 L while the water scarcity is 2.00E+01 m> world eq.
The water scarcity contribution is 97.71% (1.96E +01 m> world eq) for the feed production
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Fig.2 Characterization results for the yogurt life cycle

stage, 2.04% (4.08E-01 m> world eq) for the yogurt production stage, and it is negligible
for the remaining stages (i.e. 0.06% for milk production and 0.19% for packaging, distribu-
tion, use, and end-of-life). For the feed production, the water footprint scarcity is mainly
due to the amount of water consumed during irrigation and the high value of the AWARE
factor.

Figure 4 shows the characterization results of packaged yogurt production, i.e. yogurt
production and its packaging. Similarly to Wang et al. (2016), the packaging stage shows
little or no environmental contribution for all impact categories except for carcinogens for
which the packaging stage contributes to 38.3% (1.93E-02 kg C,H;Cl eq) of the impact
and the rest for the yogurt production stage. The reason is that in the packaging stage,
the high-density polyethylene is contributing to 86.7% to carcinogens, which is reflected
in the packaged yogurt production. In addition, the milk production stage in the yogurt
production is accounting for 87% (2.70E-02 kg C,H;Cl eq) for carcinogens as explained in
“maize production” and “imported seeds” stages, which is also reflected here in the pack-
aged yogurt production.

For the packaging stage, the injection moulding process done in Berdawni Plast,
required for yogurt plastic containers production, is presenting the major contribution
to the environment as shown in Fig. 5. The highest contribution can be seen for the fol-
lowing impact categories: 95.4% (1.22E+00 Bq C-14 eq) for ionizing radiation, 89.6%
(1.43E-05 kg PO,-P lim) for aquatic eutrophication, and 85.5% (6.99E-09 kg CFC-11 eq)
for ozone layer depletion. Ionizing radiation is caused by different electromagnetic waves
such as X-rays, a-rays, and p-rays present in the injection moulding process required to
produce plastic containers (Khalil, 2010). Furthermore, aquatic eutrophication is caused by

@ Springer
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Fig. 3 Percentage contribution of the different stages to water consumption and water scarcity

phosphorus discharges into groundwater, oceans, and rivers, whereas ozone layer depletion
is caused by CFC emissions during the propylene processing.

Another highly contributing process is the high-density polyethylene (HDPE). It has
an important contribution for many impact categories: carcinogens (86.7%; 1.67E-02 kg
C,H;Cl eq), respiratory organics (85.9%; 1.68E-04 kg C,H, eq), non-renewable energy
(75.2%; 4.27E+00 MJ primary), and global warming (57%; 9.98E-02 kg CO, eq). Car-
cinogens and respiratory organics impact categories are caused by acenaphthene emissions
into the air, oceans, and rivers. When this substance reaches water, it can be directly trans-
ported to humans via groundwater contamination. In addition to acenaphthene emissions,
benzene and formaldehyde are emitted causing environmental impacts in carcinogens and
respiratory organics. Regarding non-renewable energy impact category, it is caused by the
consumption of crude oil and natural gas. Furthermore, HDPE impacts in global warming
are due to carbon dioxide (CO,) and methane (CH,) emissions into the air.

Figure 6 represents the yogurt production stage. This stage includes the different inputs
needed to produce 1 kg of yogurt. The major contributing input is the production of milk
at the dairy farm level. Another major environmental contributor as indicated in Fig. 6 is
electricity. The latter, used in the industry, is mainly affecting respiratory inorganics impact
category by 18% (6.75E-04 kg PM, s eq), and carcinogens impact category by 12.1%
(3.75E-03 kg C,H;Cl eq) due to particulate matter (PM) and polycyclic aromatic hydrocar-
bons (PAHSs) that are emitted in the air because of the diesel combustion needed for elec-
tricity production. In addition, non-renewable energy impact category is affected by 9.6%
(1.31E+400 MJ primary) due to coal, natural gas, and crude oil extraction.

Figure 7 for the milk production stage shows positive environmental contributions for
imported crops for three impact categories: non-carcinogens, terrestrial ecotoxicity, and
aquatic ecotoxicity, for the reasons previously explained. In addition, the imported seeds
contribute to 95.1% (1.48E+00 m?) and 90.2% (8.02E-04 kg C,H, eq) of the impacts for
land occupation and respiratory organics impact categories, respectively. This is because
imported seeds need terrestrial lands for cultivation. For respiratory organics, methanol and
methane released to air are the major reason behind this high contribution. It can also be
seen that maize production at farm has a high contribution for mineral extraction (53.1%;
3.19E-02 MJ surplus) due to the mining activities needed to obtain nitrogen and phos-
phate fertilizers, and for aquatic ecotoxicity (81.9%; 5.74E+01 kg TEG water) due to the
emissions of fluorine and anthracene to water. Several authors agreed that the agriculture

@ Springer



J. Hayek et al.

18378

10+H96°1 Ju 10-9SL°C [e101-qng
¥0-49¢°1 W S0-H0L'E 99°¢ BISSIY wy) 20-dLS'C 01§ 20[1V | 1oy 3oxrewr [{Q[D} [eIm[noLISe Io[ien pue 10)oen Jodsuery,
YO-dLL'T W 90-405°¢ 1L°0S uoueqa] w 20-40s°C 01§ 2011V | 1oy 3oxprewr [{ QD } +OUNH ‘U0l dtnour g¢ < A110] ‘WySraxy Jrodsuer],
Y0-dSL'1 W SO-dET'6 06'1 [1zexg w 00+4L8% N *Jod 2011V | 10y 1xrew [{OTO} diys orueasosuen “eos IySioy Jodsuery,
S0-dL6'¢ S LO-AY8'L 1L°0S uoueqa] wy €0-dov'c N *Jod 2011V | 10§ 1xrew [{QTO} $OANH ‘U0l oLndw ge—971 A11o[ “ySraxy rodsuer,
SO-dLE'L S 90-d¢y'v 8991 Arear w 10-d€€°C 0 *Joq 2011V | 1oy 1xjrew [{OTO} diys orueasosuen “eds IySioly ‘Jodsuery,
90-dST'L s LO-HEY'T 1L°0S uoueqo] unp ¥0-49¢°9 072 2011V | 1op 1o3rew [{OTID} $OANH ‘U0l drnour g9 A110] WSraxy Irodsuer],
So-ave’l s LO-HS0'8 8991 A unp 20-dSTy N FoQ 2011V | 10§ 1oxrew [{OTD} diys orueeoosuen ‘eas JySioy ‘lodsuery,
€O-HIOL (W $0-HOS'T  IL0S  UOuBqY] 3y 10+H0ST 01D ‘oed ‘prjos ‘amuew woxy Ajddns juarnnu “19ZI119) USS0NIN
€0-dLS'T W ¥0-d16°S §9C [1zelg 3y 10-H0L'1 071D ‘vononpoid pagy ‘ueaqhog
10-982°1 W 0-d18'% §9C [1zeig 3y 10-9€8°C 019 ‘uondnpoid pady ‘urers szey
SO-dL6'T s LOHYT Y ov'9t Areir 3y 90-d€T°C 071D ‘10§ Joyrew ‘punodwos-Lxousyq
20-dS1°6 s €0-dL6'T ot 9t Areir 3y 20-dS¢g'e O'1D ‘10§ 193TBW ‘I9ZI[1}19} Aeydsoyd
10-46T°1 S €0-9dLLT 09 Areag B | C0-dL6'C 071D ‘10§ JoIBW “JOZI[IIAJ USSONIN
Y0-dET'e c 90-996'9 (U4%7 Arei 8y €0-d€CC 0 *JoQ 20[[V | 10y 103j1ew [{QTD} SUIMOS 10J ‘PIds dzZIBI
€0-990t s SO-HSL'8 09t Aeag B | €0-46C°6 01§ 20[[V | SUIMOS 0] ‘Paos 1B 10 JdxIew [{QTD} SUIMOS I0] ‘paas 1eQ
90-d781 M 80-HO9'E  IL0S  uoueqe] 3y ¥0-458'8 019 ‘10§ dnois josrew ‘[asaIq
10+426'1 Ju 10-91T°C 0698 uoueqo] Ju 10-91T°C RN
(ba prrom ur) .1 1od powmsuod (;wy ba prrom )

AmoTeos 10jep\  Iojem JO Junowry 10)06] 9IBMY N4 1ed Amuend) sso001d JuaAuTOOTq

uondwnsuoo Ioyem JOAIIP SJLIIPUT MOI ISIT] "5e)s 9190 af1] uononpoid pedy ay) 10y spoedur £JI0IedS I9)EM PUB PAWNSUOD IojeMm JO JUNOWY || d|qel

pringer

A's



18379

Life cycle assessment and water footprint scarcity of yogurt

C0-dLT'T cu Y0-HSL°L [®10)-qng
SO-HLSY W LO-AI10°6 1L°0S uoueqo] up Y0-d¥C'9 0§ 20[[V | 10j 13jrew [{QTD} [eIm[noLSe ‘Jo[ren pue ‘Iojoen Jiodsuer],
90-d8¢'¥ W 90-d1¢'C 06°1 [1zelg wy 10-9¢C'1 N “Jod 20[1V | 10y 1xjrew [{OTD} diys orueasosuen ‘eds Jysioy Jodsuery,
LO-HT6'1 W 60-d8L°¢ 1,08 uoueqa] wp 90-d29°C 0§ 20[[V | 10J 1xrew [{QTD} [eIm[NOLISe ‘1o[ren pue ‘I0joen Jrodsuer],
LO-HTY'1 W 60-dESy Iy'ie ureds wp ¥0-d6¢'C N “Jod 2011V | 10y 1xrew [{OTD} diys orueasosuen “eos JySioly ‘Jodsuery,
€0-d¢CI’'6 P ¥0-408'1 1,08 uoueqa ] Teak /M 20-doT'¢ g7 ‘o3eijoA wnipaw ‘AIdLnosrg
€0-320'1 P $0-d6¢°S 06'1 [1zelq B | c0-del'l 019 ‘uononpoid ‘orueSIout ‘[eorway)
so-arsc  Jw L0-d80°8 1€ uredg Tek/3Y  90-H98°C 01D “10} Jo3IRW “QuojoR[0IAING
YO-ALY'E S So-dITT 1€ uredg Teak/3Y S0-99%'¥ M0y ‘uononpoid ‘payroadsun 9pronsag
£0-480°C W SO-H01'Y 1,08 uoueqo] 1 20401y Torem

(ba pprom ) N 1od poawnsuod (;w/ ba prrom )

K)10180S 19)RAN I9)eMm JO JUNOWyY 10)08) dIeMY N4 1od Knuend §89001d JuaAuIOdg

uondwnsuod 1oJem JOIIP SAILIIPUL MOI ISI1] 93e)s 9[040 9J1] uononpoid y[rw Yy Joj sjoedwr £)101eos 19)em pue pawWNSuod Jojem Jo junowy g\ djqel

pringer

As



J. Hayek et al.

18380

[10-H80t (W €0-HSE'8 [e101-qng
60-40€'C (W [1-HESY  IL°0S  uoueqay] unp  L0-ALYT 01 YR Q0INV | 10§ 1xrew |[{QTD} $OYNH ‘U0 OLndw 9[—¢*L A11o[ “WySraxy Yodsuer,
01-dIT8 (W  OIHSIY 661  ewusq up - GO-a81°C 0§ 20[[V | 1oy 1xjrew [{OTD} diys orueasosuen ‘eos Jysioy odsuery,
90-dI18°L W LOHPS'T 1L0S uoueqa] wyl  O-HI0S N A Q0[IV | 1oy 1eyrew [{OTID} $OUNH ‘U0l oo 916"/, A1I0] WyS1axy Jodsuel],
90-dLFT Jw 90-dzel Tl Auewiep wyl  z0-9S69 0 “§od 20[[V | 10§ 1xprew [{OTD} diys orueasosuen ‘eas ysiayy Jodsues],
0-H9SY (WM $0-H66'8  IL°0S uoueqe ]  TedA/yMY  10-HSST g7 98I0 WNIpaw ‘KIS
L0-HEO'E W L0-H6V'T  ¥0°T rewruaq IRAA/3Y  90-HLIT S HD/uonejuawIof 18 ‘Koym woiy ‘sed jseox
SOAIET (o8Il TI'T  Auewnap Tek/3Y  $0-H69'9 O'TO “211S UOTINTOS %G UT “IdJem INOTHIA “PIOE JLIIN
SOHLLT W SOH6ST  TI'T Aueurron A3 $0-H69'9 O'TO ‘10§ JoxIeU ‘Ysy Bpos
YO-HET'E W $0-H68T  CI'T Aueurron TeOA/3Y  €0-HSLL 019 ‘wondnpoid ‘pibry dutioy)
10-H429'c W €OHET'L  TL0S uoueqo] A €0HET'L Tore

(ba prrom ur) ) 1od paunsuod (;wy ba prrom )

K)I0Ie0S 19JBAN  19JRM JO JUNOWY 10)08) dIeMY N4 1od Kinuend §89001d JuaAuIOdg

uondwnsuod I1oJem JOIIP SAJBIIPUI MOI ISI1] o3e)s 9[040 9J1] uononpoid 1n3oA oy Joj syoedwr £)101e0s 19)em pue paWNSUod Jojem Jo Junowy €1 djqel

pringer

A's



18381

Life cycle assessment and water footprint scarcity of yogurt

[0+900C U [0-HS8T [e10L
20-dS8°¢ [ 0-409°L [e10)-qng
SO-AS6'T QU L0-I¥8E [L'0§  uoueqd]  wy) €0-HPL'T 0§ 0[1Y | 1oy Iorew [{OTID} yOUNA ‘U0) dLnow g < A1Io] ySiayy ‘odsuery,

N ‘Jod 2011V | 1oy 1xprew [{ OO} Surjoods Juerofrijox
€0-H99Y U 60-H0T'6  TL0S  uoueqy  uwmp 10-995°C epE T YOANH ‘U0) 9[—G'/ *duryorur uoneIaSLyar pim ALiof Jysoxy ‘iodsuery,
YO-H9€'T [ 90-HLTT  LO'09 Tee  up 10-361°T 0 *Joq 20[1V | 1oy 1xjrew [{QTD} diys orueadosuen “eds ySioyy ‘Jodsuery,
€0-HI9°T u S0-H0T'€ 1L°0S uoueqa| 3 00+d00C 01D ‘10§ 1oxrew ‘enues3 susjkdordAjoq
0dITe [ $0-HEE9  IL0S  uoueqa 3 10+Hd0S’S VN¥/uerd 1e ‘ursar sus[Ayrekjod Aysuop-ySry

(ba prrom cur) ] 1od poumnsuod (;wy ba prrom .ur)
K018 I19)BAN J9)JeM JO JUnowy JOJOR) AIRMY N4 1od Anuend §59001d JuaAUTOdT

saSe1s o[9Kd oJI] 9J1[-JO-pua pue ‘asn ‘uonnqnsip ‘SurSesoed ay) 10§ spoedwr £)10ILIS I9)EM PUB PAWNSUOD IoeMm JO JUNOWY | d|qel

pringer

As



18382 J.Hayek et al.

100%
80%
60%
40%
20% m i '

0%
-20%
-40%
-60%
-80%
-100%
> N 3
& & & PRI SR SR P G PO PO
& & g X 3 A o & &
FF T T I T T T FTEE S s
& & & & N N & & & ¢ &
< & > < ¥ 3 O o e > 53 N » ’0\ 2
C‘b > ) & &( O . < \t D ) O & S o A
~ S > N & s > > X RS & 0
R GRS e S S P A & & &
TS &L 'e~°? & &V s & £
K A < & < S &
* ¢ < i > <

mYogurt Production ®Packaging

Fig.4 Characterization results for the packaged yogurt production

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

B Packaging B High density polyethylene
B Transport HDPE Qatar/Kuweit-Bierut B Transport HDPE Beirut-Zahle

m Polypropylene Injection moulding

Fig.5 Characterization results for the packaging stage

@ Springer



Life cycle assessment and water footprint scarcity of yogurt 18383

100% -
80% -
60% -
40% -
20% -
0% -
-20%
-40%
-60%
-80%
-100%
& SRR & -
FFHFFFTFTFFSHFIFT T & &S
G F S Y YL E S G
& & & &S S & \4&" &
TP T I T T FTT S S
& 8 R @ 2 & R N N & a9 & &
® M &S TS S F e E S
DA e P, v & &
&) Q
® N TS <
B Yogurt production ® Chlorine
= Nitric acid m Soda ash
m Transport acid/soda/chlorine Germany-Beirut Transport acid/soda/chlorine Beirut-Zahle
m Electricity ®m Milk production
= Yeast (Lactobacillus) Transport Yeast Denmark-Beirut

= Transport Yeast Beirut-Zahle

Fig.6 Characterization results of the yogurt production stage
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Fig. 7 Characterization results of the milk production stage
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Fig. 8 Characterization results for the imported seeds

production phase has a high contribution in a LCA study for milk (Berlin, 2002; Eide,
2002; Gonzélez-Garcia et al., 2013a, 2013b).

As shown in Fig. 8, imported seeds have negative and positive environmental contri-
butions for impact categories. Positive environmental contribution for soybean and maize
grains is seen for non-carcinogens and aquatic/terrestrial ecotoxicity impact categories. A
positive contribution (negative value on chart) means that the process has a positive ben-
efit to the environment. The negative values are seen for non-carcinogens impact category:
—93% for soybean, —7% for maize grain, and for terrestrial ecotoxicity impact category:
—87% for soybean and -13% for maize grain. For aquatic ecotoxicity impact category,
—100% of impact results from the soybean production. The reason for this is the use of
both inorganic and organic fertilizers in the production of maize and soybean. Organic
fertilizers contain only animal and plants-based materials such as leaves having low toxic
releases to the soil comparing to inorganic fertilizers. Knowing that contaminated soil can
result in many human health risks, by using organic based fertilizers a lower oral absorp-
tion can be observed, as well as a reduction in skin contact and particle inhalation (Saleem
et al., 2014). Furthermore, organic fertilizers enrich the soil instead of damaging it; there-
fore, toxic leakages to the water and soil are avoided.

It can be seen that, regarding the major environmental contribution for the imported
seeds stage, non-carcinogens, respiratory organics, and inorganics impact categories show
significant impacts, especially for the soybean process selected. Acenaphthene, benzene,
and dioxin are emitted in this stage into air and water by various amounts.

In addition, crops transport from Latin America to Beirut is showing a load especially
for the respiratory inorganics, ozone layer depletion, ionizing radiation, aquatic acidifica-
tion, and non-renewable energy impact categories. This is mainly due to GHG emissions
and fuel consumption.
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Fig.9 Characterization results for the maize production stage

Figure 9 represents the characterization results for the maize production cultiva-
tion stage. The major environmental contributors for all impact categories are nitrogen
and phosphate fertilizers. Nitrogen fertilizers major contribution is for the global warm-
ing (72.3%) and terrestrial acidification/nutrification (72.5%) impact categories, whereas
phosphate fertilizers major contribution is for the aquatic eutrophication (64.4%) impact
category. The reason is that the use of nitrogen fertilizers results in the emission of nitroge-
nous substances such as nitrogen oxide and ammonia, which are considered as acidification
contributors leading to acid rainfalls. Furthermore, nitrogen oxides generate particulate
matters considered as GHGs, thus leading to global warming (Hodan and Barnard, 2004).
Phosphate fertilizers contain heavy metals, which are considered a limiting nutrient and
therefore can lead to algae blooming, thus eutrophication.

4.2 Comparison with literature

In the study of Uctug et al. (2019), the two stages having the highest contribution to the
six impact categories studied were raw material supply and production stages, with the
latter being the main contributor for 4 out of 6 impact categories. In our study, the main
contribution to the life cycle impacts is the packaged yogurt production. In particular, the
highest contributors are the animal crops, whether imported or cultivated. The electric-
ity during the production process of the yogurt does not show a major contribution dur-
ing the yogurt life cycle as is the case for the Turkish study. In addition to modelling the
data using different impact assessment methods and LCA software, the difference in the
results could be explained by the lack of proper detailed modelling of the farming stage
according to the authors (Uctug et al., 2019). Our results are in agreement with the ones
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obtained by Gonzalez-Garcia et al. (2013a, 2013b) and Djekic et al. (2014) who confirmed
that raw milk production at the dairy farm has a significant contribution due to the activi-
ties performed in the farm that lead to the emissions of ammonia, nitrate, and methane. To
improve yogurt production, efforts should be made at the industry level since milk produc-
tion shows the highest contribution (Wang et al., 2016).

In terms of global warming potential, our result of 3.03 kg CO,eq per kg of yogurt for
the life cycle is in the same order of magnitude as for Turkey (4.21 kg CO,eq) (Ugtug et al.,
2019), Spain (2.92 kg CO,eq for Greek-style natural yogurt) (Vasilaki et al., 2016), Ser-
bia (1.42-2.63 kg CO,eq) (Djekic et al., 2014), and Portugal (1.78 kg CO,eq) (Gonzalez-
Garcia et al., 2013a, 2013b). Differences can be attributed to the different production pro-
cesses and regions considered.

For the water scarcity, similar outcomes were found in Bai et al. (2018) where cow
breeding showed the largest contribution to the water consumed. Also, Vasilaki et al.
(2016) determined that the water consumed for 1 kg of yogurt is 326 L, which is in agree-
ment with our result of 285 L. Although Owusu-Sekyere et al. (2017) studied the water
footprint for several dairy products, no clear comparison can be established since the
authors used a different method to evaluate the scarcity footprint.

4.3 Sensitivity analyses

Sensitivity analysis is a significant tool used in a life cycle assessment study to identify
which stages or assumptions have a major impact on the final results (Maurice et al., 2000).
Since the most contributing stages in the yogurt life cycle are the imported seeds and the
maize production stages, three sensitivity analyses are performed accordingly.

Skaffarm seeds are imported from Latin America by transoceanic freight ship for a dis-
tance of 10,758 km to Beirut. In this analysis, imported seeds are assumed to be imported
from Russia in order to decrease the distance to 5673 km and to verify whether this will
alter the results. The reason why Russia is selected is that its agriculture accounts for more
than 50% of grain cultivation, and therefore, it could be a potential for seeds importation.
A comparison between seeds imported from Russia versus Latin America from an environ-
mental perspective is represented in Fig. 10, in which seeds imported from Russia show a
slight decrease in environmental impacts for most impact categories.

Another sensitivity analysis is performed on the packaging stage in order to check the
impacts of HDPE bottles used for packaging in the industry in comparison with other pack-
aging types such as polyethylene terephthalate (PET), polyvinyl chloride (PVC), and low-
density polyethylene (LDPE). Figure 11 shows that LDPE and HDPE have similar environ-
mental impacts for almost all impact categories, whereas PET and PVC show much higher
impacts. For example for the non-carcinogens impact category, HDPE and LDPE result in
the emission of 0.02 kg C,H;Cl,, in comparison to 0.03 kg C,H;Cl,, for PET, and 7.15 kg
C,H;Cl,, for PVC.

Due to the high contribution observed by nitrogen and phosphate fertilizers in the maize
production stage, the third sensitivity analysis is modelled by changing the nitrogen ferti-
lizer to urea since they both have similar compositions. Figure 12 shows a comparison at
the level of the whole life cycle when nitrogen fertilizer is replaced with urea.

Figure 13 summarizes the three sensitivity analyses adopted in this study. Sensitivity
analysis 1 (SA1) represents the importation of seeds from Russia instead of Latin America,
SA?2 represents the scenario in which nitrogen fertilizer is replaced with urea, and SA3
represents the scenario in which HDPE is replaced by LDPE. A variation regarding each
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Fig. 10 Comparison results between seeds imported from Latin America versus Russia at the level of life
cycle
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Fig. 11 Comparison between different packaging scenarios
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Fig. 12 Comparative characterization between original and modified fertilizers at the level of life cycle
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Fig. 13 Comparison between all sensitivity analysis scenarios and original yogurt life cycle
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impact category can be seen in which some scenarios show an improvement in the envi-
ronmental impacts over the original life cycle and some show the opposite. For example,
importing the seeds from Russia can reduce 0.1 kg CO,eq emissions, replacing nitrogen
fertilizer by urea can reduce 0.2 kg CO,eq emissions, and switching to LDPE does not
cause any reduction in CO, emissions. Hence, in terms of global warming, switching to
urea fertilizer seems to offer the optimum environmental choice.

4.4 Uncertainty analysis

In a life cycle assessment study, uncertainties may arise due to incomplete or inaccurate
data. Uncertainty analysis is done to check the robustness of the results by quantifying data
variability (Bjorklund, 2002). Monte Carlo analysis is a mathematical simulation applied
for quantitative analysis to account for any kind of risk. It is used to recalculate the results
by a random selection of values and concluding a probability distribution curve. In this
study, 10,000 iterations are used with a stop factor of 0.005 and a confidence interval of
95%. Figure 14 shows the uncertainty analysis results for the yogurt life cycle at the char-
acterization level for all impact categories. It can be seen that the standard deviation varies
for each impact category.
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Fig. 14 Uncertainty analysis for the yogurt life cycle
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5 Conclusion

In this study, life cycle assessment and water scarcity analyses of 1 kg of packaged yogurt
produced by Skaffarm industry and consumed in Lebanon are conducted. In particular, this
is performed to determine which stage in the cradle-to-grave analysis shows the highest
contribution to the environmental impacts.

This study confirms previous researches that the largest contributor to the environmental
profile is raw milk production at dairy farms. The results show that the stages accounting
for the highest environmental load are the seeds importation, crops growing at farm, and
milk production stages. In the seeds importation phase, the reasons are the use of organic
fertilizers and the transportation from Latin America to Zahle. In the crop-growing phase
at Skaffarm, nitrogen and phosphate fertilizers are causing the major environmental load.
In the milk production stage, maize produced in the farm and the seeds imported from
Latin America are the most contributing inputs. Concerning both water consumption and
scarcity, the main contributor is the feed production stage.

Although most of the obtained data are in line with existing literature, there is space for
improvement and reduction of the environmental impacts of dairy industries in Lebanon.
Some measures can be considered to try to reduce the environmental impacts imposed by
the agro-food industries in general, and the industry considered in this paper in particular.
Several approaches can be adopted such as changing the origin of imported seeds, the type
of packaging of the finished product, and the fertilizers used for the local cultivation in the
farm. These three ways represent a promising solution to reduce the environmental impacts
for some impact categories. Furthermore, another approach would be to import all of the
seeds required for cows feed and neglect the local cultivation since it represents one of the
major contributors. However, this needs to be further investigated through an economic
feasibility study. To reduce the water footprint scarcity of yogurt, one possible way is to
use a more efficient irrigation system, in addition to raising awareness at the level of the
Lebanese country to implement changes and new policies towards lowering its AWARE
factor.

Limitations of this study are derived from the fact that data is used from a single dairy
plant since results and calculations are directly linked to raw data obtained from the indus-
try considered. Hence, other studies are essential in determining if similar results would be
derived across other dairies in Lebanon.

In order to implement LCA for dairy products and for the food chain in general in Leba-
non, it is essential to start spreading the awareness on the necessity of a change regarding
the environment, especially in a country that lacks clear sustainability plans. This study can
represent a potential for implementing LCA applications at an industrial level in Lebanon
since it is a pioneer study for the agro-food sector. Future work can be done to study a simi-
lar dairy product such as Ayran (Yogurt beverage) or flavoured yogurt.
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