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ABSTRACT

The present study investigated a cradle-to-grave life
cycle assessment to estimate the environmental impacts
associated with Italian mozzarella cheese consumption.
The differences between mozzarella produced from
raw milk and mozzarella produced from curd were
studied, and differences in manufacturing processes
have been emphasized in order to provide guidance
for targeted improvements at this phase. Specifically,
the third-largest Italian mozzarella producer was sur-
veyed to collect site-specific manufacturing data. The
Ecoinvent v3.2 database was used for secondary data,
whereas SimaPro 8.1 was the modeling software. The
inventory included inputs from farm activities to end
of life disposal of wasted mozzarella and packaging.
Additionally, plant-specific information was used to
assign major inputs, such as electricity, natural gas,
packaging, and chemicals to specific products; however,
where disaggregated information was not provided,
milk solids allocation was applied. Notably, loss of milk
solids was accounted during the manufacture, moreover
mozzarella waste and transport were considered dur-
ing distribution, retail, and consumption phases. Feed
production and animal emissions were the main driv-
ers of raw milk production. Electricity and natural gas
usage, packaging (cardboard and plastic), transport,
wastewater treatment, and refrigerant loss affected the
emissions from a farm gate-to-dairy plant gate perspec-
tive. Post-dairy plant gate effects were mainly deter-
mined by electricity usage for storage of mozzarella,
transport of mozzarella, and waste treatment. The
average emissions were 6.66 kg of CO, equivalents and
45.1 MJ of cumulative energy demand/kg of consumed
mozzarella produced directly from raw milk, whereas
mozzarella from purchased curd had larger emissions
than mozzarella from raw milk due to added transport
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of curd from specialty manufacturing plants, as well as
electricity usage from additional processes at the moz-
zarella plant that are required to process the curd into
mozzarella. Normalization points to ecotoxicity as the
impact category most significantly influenced by moz-
zarella consumption. From a farm gate-to-grave per-
spective, ecotoxicity and freshwater and marine eutro-
phication are the first and second largest contributors
of mozzarella consumption to average European effects,
respectively. To increase environmental sustainability,
an improvement of efficiency for energy and packaging
usage and transport activities is recommended in the
post-farm gate mozzarella supply chain.

Key words: carbon footprint, climate change, energy
use, dairy industry

INTRODUCTION

Cheese is a strategic way to conserve milk and repre-
sents a food with great nutritional value, as it contains
proteins, EAA, minerals, vitamins, and milk fat; it has
large economic value and its international production
and trade are both increasing (CLAL, 2016). In recent
years, the environmental consequences of dairy produc-
tion are being considered at the policy level and in
the development of new production technologies, in
addition to economic, nutritional, and social values.
Importantly, environmental sustainability is gaining
more attention from producers and consumers, with
aims of increased efficiency and new market areas on
the one hand and environmental care by saving natural
resources on the other hand. Modifications in dairy
production facilities and studies (Berlin, 2002; Milani et
al., 2011; Kim et al., 2013) have been made to increase
environmental sustainability in dairy chain production,
with each operator along the supply chain contributing
to the reduction the environmental burden.

Mozzarella cheese is consumed worldwide and can
be produced using bovine or water buffalo milk, with
the former being the most produced and commercial-
ized. Growth in bovine milk mozzarella production is
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projected for the future, whereas mozzarella continues
to be a strategic product for the global dairy sec-
tor (Koeleman, 2015). Italy is one of the major cow
milk mozzarella producers and consumers, evidenced
by 253,000 t of mozzarella produced in Italy in 2015
and 4.6 kg per capita per year consumed (Assolatte,
2015). Furthermore, mozzarella production is a com-
plex process, including several operations and numer-
ous inputs and outputs, which in turn result in various
environmental impacts. Notably, limited information
exists on environmental impacts derived from mozza-
rella production and consumption in the Italian sector.
Therefore, our study aims to increase the knowledge
of environmental consequences of mozzarella produc-
tion and consumption from a life cycle perspective.
Mozzarella is produced in 2 different ways: the most
traditional mozzarella (high-moisture mozzarella) is
manufactured using raw milk directly, which is worked
and transformed into mozzarella in the same moz-
zarella plant; otherwise, mozzarella can be produced
using purchased curd, which is a semifinished product
made in a different dairy plant and is purchased by the
mozzarella plant to manufacture the mozzarella. The
latter method produces low-moisture mozzarella, which
is generally used as an ingredient in prepared dishes
rather than consumed fresh.

Life cycle assessment (LCA), based on ISO 14040
and ISO 14044 LCA methodology (ISO 2006a,b), is a
scientific method recognized worldwide to assess envi-
ronmental burdens through the life cycle of a product;
it has been used in several studies to assess environmen-
tal consequences of cheese production. Some authors
(Gonzéalez-Garcia et al., 2013a,b; Broekema and Kram-
er, 2014; Trevisan and Corrado, 2014; Finnegan et al.,
2015) have investigated environmental impacts in the
cheese life cycle, where general results show dairy farm
activities and feed production as the main hot spots for
impacts, followed by the manufacturing, distribution,
and consumption phases. Fewer studies specifically as-
sess the effect of the mozzarella life cycle. Palmieri et
al. (2016) reported raw milk production as the main
driver for several impacts along the Italian mozzarella
production chain, whereas thermal energy to produce
steam and hot water contributed to impacts arising
during mozzarella manufacturing, particularly human
toxicity, eutrophication, and ozone depletion. Neverthe-
less, Palmieri et al. (2016) focused on farm production,
so little information was presented for manufacturing,
and no information was provided on the distribution,
consumption, and disposal phases. The only other LCA
case study of Italian mozzarella was an assessment con-
ducted to obtain an ecolabel for a private dairy company
(EPD, 2013), where raw milk production, packaging,
manufacturing, and home refrigeration were the main
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hotspots. Similarly, Kim et al. (2013) investigated the
production of American mozzarella cheese, reporting
that cattle feed production and farm milk production
were the major contributors to most of the impact cat-
egories; whereas for the post-farm supply chain, cheese
manufacturing drove several effects, followed by retail
and consumption. Additionally, electricity and natural
gas consumption were found to be drivers of climate
change, cumulative energy demand, human toxicity,
and ecotoxicity, whereas transportation influencing
photochemical oxidant formation and on-site wastewa-
ter treatment were the main causes of eutrophication
effects. Vergé et al. (2013) included mozzarella cheese
in the LCA of Canadian dairy products, however, their
study estimated only the greenhouse gases emissions,
and the system boundaries excluded all the phases after
dairy plant and the solid waste treatment; moreover,
the study did not characterize the specific environmen-
tal impacts of mozzarella, but it was inserted into a
generic cheese category without differentiation from
cheddar, specialty cheeses, or processed cheese. Addi-
tionally, Nielsen and Hgier (2009) studied the change of
environmental impact using different enzymes during
mozzarella manufacturing; thus, great attention was
given to different manufacturing technologies, yet no
information was given for environmental impacts of
mozzarella consumption.

In light of this gap in the available literature, the
objective of our study was to investigate the environ-
mental impacts that occur during the life cycle of cow
milk mozzarella (mozzarella from raw milk) produc-
tion, from cradle-to-grave, with a strong emphasis on
the manufacturing plant, which may in turn help pro-
ducers highlight inefficiencies during manufacturing for
the purpose of increasing environmental sustainability.
In addition, our study investigates the environmental
burdens of producing mozzarella from purchased curd,
as no studies were found on this type of product, even
though it has an important market share. Overall, the
results from our study may help guide production deci-
sions on mozzarella technologies and production.

MATERIALS AND METHODS
Goal and Scope Definition

The main goal of our study was to estimate the en-
vironmental impacts from mozzarella production and
consumption. This estimation should assist the Italian
dairy industry by providing environmental information
of Italian dairy products that highlight opportunities
for increasing the sustainability of the Italian dairy sec-
tor. To showcase these effects, an LCA based on ISO
14040 and ISO 14044 methodology (ISO 2006a,b) was



ENVIRONMENTAL IMPACT OF MOZZARELLA CHEESE

performed, with the scope of the study being a cradle-
to-grave assessment. Specific emphasis was given to the
manufacturing process, which encompasses raw milk
transport through delivery of mozzarella to the custom-
er. Specifically, our study estimated the effects of the
2 types of commonly produced Italian mozzarella (As-
solatte, 2015): high-moisture (HM) mozzarella (62.5%
moisture content), which is produced directly from raw
milk, and low-moisture (LM) mozzarella (52% mois-
ture content), which is manufactured using purchased
curd. Our study primarily focused on the impacts of
HM mozzarella (68% of Ttalian mozzarella production);
however, a scenario analysis has been performed to
compare HM and LM mozzarella. Life cycle inventory
for each type of mozzarella is shown in the Materials
and Methods section, whereas the comparison between
mozzarella types is presented in the Discussion section.

According to the Codex Standard 262-2006 (FAO,
2006), mozzarella is an unripened, near-white color,
smooth elastic cheese, characterized by a long-stranded,
parallel oriented, fibrous protein structure without evi-
dence of curd granules and is also rindless. Mozzarella
is made using cow or buffalo milk, or mixtures of the 2.
Moreover, mozzarella is produced as 2 main types: high
moisture content mozzarella, which is a soft cheese with
overlapping layers that may form pockets containing a
liquid of milky appearance, and can be packaged with
or without brine (a preserving liquid); or low moisture
content mozzarella with a firm or semihard homoge-
neous structure without holes, suitable for shredding.
Mozzarella is manufactured by pasta filata processing,
where the curd of a suitable pH is heated, kneaded, and
stretched until it is smooth and free from lumps. After
that, the warm curd is cut and molded, and then firmed
by cooling.

Functional Unit

The functional unit was 1 kg of HM mozzarella pro-
duced in Ttaly and consumed in Italy and abroad (wet
basis: 62.5% moisture content). A scenario was also
prepared to compare HM mozzarella with LM moz-
zarella, and for this scenario we used DM content as
the functional unit to avoid bias due to differences in
moisture content.

System Boundaries

The system boundaries encompassed raw milk pro-
duction (feed production and on-farm activities), raw
milk transport, mozzarella manufacturing, transport of
mozzarella, packaging, distribution, retail, consump-
tion, and disposal (Figure 1). Infrastructure was includ-
ed in the system boundaries, but employee commuting
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and other ancillary activities were not considered (Kim
et al., 2013). Although the LCA was a cradle-to-grave
analysis, emphasis was given to manufacturing plant
and processes. All the quantifiable material and energy
flows were considered in the facility inventory and
impact assessment. To reach the highest resolution in
the description of mozzarella production, the individual
manufacturing operations were characterized by energy,
heat, or material requirements, whereas plant-specific
information was used to assign specific inputs to each
product. Importantly, our study is not a detailed engi-
neering analysis, and some information was available
only at the whole-plant scale, not directly assigned to a
specific operation.

Allocation

Allocation at the dairy farm level was performed us-
ing the IDF (2015) methodology, where the emissions
are allocated between milk and animal live weight,
considering the energy content of the feed required to
produce each product (Dalla Riva et al., 2015). Fat,
protein, lactose, and ash are the main solid components
in milk (Walstra et al., 2006) and in mozzarella cheese,
so it is reasonable to consider the movement of milk
solids through the plant as a factor to allocate resources
and environmental burdens to mozzarella and co-prod-
ucts. The choice of allocation model can influence the
assessment results (Flysjo et al., 2011); therefore, in our
study, allocation was still required because many of the
operations, such as pasteurization, are relevant for all
of the valuable products, although data were provided
for individual operations within the facility rather than
for the facility as a whole. Where information was
available for specific products (e.g., primary packaging)
values were assigned directly to that product without
allocation. When allocation was required for individual
operations within the plant, the milk solids content of
the exiting streams was used as the basis for allocation
(Kim et al., 2013; Vergé et al., 2013). Additionally, a
scenario analysis was performed to detect the variation
in emissions assigned to the main product, using differ-
ent allocation models at the manufacturing plant.

Figure 2 summarizes the scenario analyses for moz-
zarella allocation used in our study. Case 1 represents
the default allocation model; the inputs were allocated
using plant-specific information to assign specific in-
puts to specific products. Case 2 and Case 3 are pre-
sented as scenarios to compare the final results and to
test the robustness of Case 1. Case 2 follows the same
process of Case 1, but 4 different allocation models (no-
allocation, economic, fat, and protein) were applied to
the inputs, which were not assigned using plant-specific
information. Finally, Case 3 tested 5 allocation models
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Figure 2. Scenario analysis for allocation models used to allocate resources and emissions between mozzarella and co-products.

(milk solids, no-allocation, economic, fat, and protein),
considering a hypothetical situation where no plant-
specific information was available to assign the inputs
to the specific products, but assuming all input data
were at the whole-plant level.

Life Cycle Inventory

Our study maintained a perspective focused on the
mozzarella manufacturing plant. During 2015, the
third-largest Italian mozzarella plant was surveyed to
collect primary data for the calendar year 2014. The
survey included questions regarding resources (materi-
als, energy, water, and land), production (mozzarella
and co-products), and waste (liquid and solid). The
mozzarella plant used raw milk from both Italian re-
gions and other European states. Notably, a previous
study on raw milk production was used as background
data for Italian milk (Dalla Riva et al., 2015). The

Ecoinvent v3.2 (Ecoinvent, 2015) was used to identify
FEuropean raw milk production and secondary data.
Uncertainty of inputs was assigned using the Ecoinvent
pedigree matrix approach (Weidema et al., 2013), with
variability and consistency being checked for primary
survey data, whereas the uncertainty distribution pro-
vided by Ecoinvent was used unaltered for secondary
data. SimaPro 8.1 (PRé Consultants, 2014) was used as
the modeling software. Table 1 shows data inventories
per kilogram of HM mozzarella before allocation.

HM Mozzarella Manufacturing Plant Data.
Surveyed plants produced mozzarella, liquid fat whey,
liquid skimmed whey, and whey cream. Data collec-
tion was performed on individual operations within
the plant to separate the manufacturing process into
distinct operations to reduce the need, as much as
possible, for allocation of whole-plant data among the
multiple products. The plant operations were separated
as shown in Figure 3. Specific life cycle inventory unit
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processes were created to represent each operation (i.e.,
brine production, water purification, steam and chilled
water production, and clean-in-place). Loss of milk
solids was considered during the manufacture, which
was accounted for through collection in the wastewater.
The loss was estimated by the difference in milk solids
entering the plant with the raw milk and milk solids
delivered by the plant with the mozzarella and the co-
products.

Transportation. The study included transport of
raw milk from farm to manufacturing plant, transport
of mozzarella to distribution and retail centers, as well
as transport to consumer’s house. Transportation was
characterized by the distance driven by refrigerated
trucks and the loading of products on the truck. The

DALLARIVAETAL.

modeled emission class was EURO 5, with an average
11.8-t transport lorry for Italian transport and a 24.0-t
lorry for foreign transport (Ecoinvent, 2015). Transport
of other manufacturing inputs was modeled using the
specific distance, if information was available; otherwise,
in case the transport information was not available or
the inputs had multiple origins, the market processes
from the Ecoinvent database were used, which included
production and transport (Ecoinvent, 2015). Also,
transport of raw milk and other inputs were allocated
among products using the milk solids default alloca-
tion. Post-dairy transport was directly assigned to moz-
zarella and included a small percentage of transport by
ship and by aircraft. Notably, transport of mozzarella
from retail to the consumer’s house was by passenger

Table 1. Farm gate-to-plant gate life cycle inventory flows per kilogram of high-moisture (HM) mozzarella before allocation, and default

allocation model at the manufacturing plant

Input flow," per kg

Assignment of input

Plant-specific Milk solids

Inputs of HM mozzarella Transport,” km information allocation
Land, m* 1.78E-03 — — Vv
Well water, kg 25.1 — v v
Electricity, kWh 0.48 — Vv Vv
Natural gas, kWh 0.94 — v v
Lubricant oil, kg 8.35E-06 Default® — Vv
R507 and R134a gas, kg 8.74E-05 Default® — Vv
Soda, kg 0.01 Default? Vv Vv
Hydrochloric acid, kg 1.57E-04 Default? v v
Nitric acid, kg 3.86E-03 Default? Vv Vv
Peracetic acid, kg 1.98E-04 Default? v v
Sodium chlorite, kg 1.54E-04 Default? V4 Vv
Foaming, kg 1.64E-03 Default? — v
Cleanser, kg 6.55E-04 Default? — Vv
Water softener (salt), kg 3.14E-03 1,000 Vv v
Label, kg 5.46E-04 300 Vv —
Cardboard, kg 0.09 186 v v
Plastic PP,* kg 0.05 255 Vv Vv
Plastic PVC," kg 0.04 26 v v
Plastic HDPE," kg 6.96E-06 30 Vv Vv
Hazardous products, kg 1.66E-05 300 — v
Italian raw milk, kg 1.58 65 — Vv
Foreign raw milk, kg 3.43 413 — v
Italian curd, kg 0.02 103 — Vv
Foreign curd, kg 0.24 1,397 — vV
Salt, kg 0.02 1,000 Vv —
Milk protein, kg 6.91E-03 300 v —
Starter culture, kg 2.00E-04 300 Vv —
Rennet, kg 1.53E-03 3.4 v —
Curdle salt mix, kg 1.93E-04 1,000 Vv —
Cardboard waste, kg 5.46E-03 2.1 — \/
Plastic waste, kg 6.21E-03 2.1 — \/
Hazardous waste, kg 1.66E-05 120 — \/
Refrigerant loss, kg 8.74E-05 Default? — Vv
Lubricant oil waste, kg 8.35E-06 Default? — v
Wastewater, m® 0.03 — — Vv
Mozzarella loss, kg of milk solids 0.19 — — \/

"The data at whole plant level are divided by total amount of mozzarella.

*Transport by EURO 5 truck (Ecoinvent, 2015).

*Default transport included in the market processes from Ecoinvent v3.2 database (Ecoinvent, 2015).
‘PP = polypropylene; PVC = polyvinyl chloride; HDPE = high-density polyethylene.
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car. The foreign transport of mozzarella from retail to
the consumer’s house was assumed to be the same as
Italian transport due to the low percentage of exported
mozzarella (13% of production) and the limited foreign
primary data about that life cycle phase. The average
consumer transport distance was assumed to be 10 km
roundtrip. According to Istat (2015a), 1.12% (mass) of
average Italian grocery shopping is composed of dairy
products, and 28.6% of these items are cheese, which
includes 37% of mozzarella (CLAL, 2016), so 0.11% of
the consumer transport impact was attributed to moz-
zarella, or 0.011 km/kg per of mozzarella.
Distribution, Retail, Consumption, Disposal.
Data on distribution center, retail, and consumption
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and disposal phases were derived from the published
literature and assumptions, given the limited primary
data related to mozzarella production and consumption
(Table 2). Of the produced mozzarella, 87% was sold
in Italy and 13% was exported. An average package of
mozzarella has a shelf-life of 30 d. In the present study,
we assumed mozzarella was consumed just at the end of
the shelf-life period to estimate the greatest impact from
storage; obviously if the consumption occurs sooner, the
impact will be lower. Generally, mozzarella was stored
1 d at the dairy plant and then delivered to a distribu-
tion center. The distribution, retail, consumption, and
disposal phases happening abroad have been assumed
the same of the equivalent Italian phases due to the

MANUFACTURING PLANT

Rennet
Starter cultures

Receiving Receiving Receiving
i wi ||
storage storage storage
Filtration
and
standardization

Curdling salt mix

| Curd | | Fat whey |—| Storage |- -4--1>

v

-Chilled water production Curd ripening
-Steam production —> and

-CIP. draining
Well water purifcation I% Curd stretching
\ Curd molding
Pasteurization
| Mozzarella | | Stretching water '—)I Skimming |

Brine
production

/\

|§k]'mmed whey H Whey cream |

--------

Figure 3. Operations modeled in the manufacturing plant and product outputs along the manufacturing processes for high-moisture (HM)

mozzarella (gray rectangles are co-products). C.I.P. = clean in place.
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low percentage of exported mozzarella and the limited
foreign primary data about those life cycle phases.
Once mozzarella reached the distribution center, it was
stored at 2 to 4°C; the maximum period of storage was
10 d. Importantly, the same storage temperature and
duration were considered for retail. According to Flysjo
(2011), 0.042 kWh are necessary to store the cheese for
10 d, so 0.0042 kWh /kg of mozzarella per day were used
to model our distribution center and retail processes.
To estimate the energy consumption of home refrigera-
tion, an average refrigerator was assumed to have a 200
L capacity and an annual electricity consumption of
320 kWh, which equates to 0.0043 kWh/L per day;
with the share of refrigerator occupied by mozzarella
being 12.7% (de Angelis, 2016), 0.00055 kWh are used
by home refrigerators per kilogram of mozzarella per
day, and mozzarella was stored an average of 5 d before
consumption. A dishwasher was also considered, and
according to Kim et al. (2013), 1.51 kWh and 22 L of
water per cycle were used; 5 percent of dishwasher load
room was destined per kilogram of mozzarella.

We accounted for mozzarella packaging waste (card-
board boxes and plastic), with recycling, municipal
incineration, and landfilling as the waste treatments for
cardboard waste and plastic packaging. The percentage
of cardboard and plastic waste accumulating in differ-
ent waste treatments were assumed from ISPRA (2014)
for waste treated in Italy; meanwhile data from Plastic
Europe (2015) and ERPC (2014) were used for waste
treated in other European states. The waste treated in
European countries not accounted for in the data was a
negligible amount, so it was modeled as European waste.
Furthermore, a 50-km transport by truck was assumed
to dispose of the waste mozzarella and packaging after
the consumption phase, both for Italian and foreign
distribution. The dairy plant used a small number of
hazardous products (syringes, containers, reagents, and
other various materials, mainly derived from routine
laboratory analyses on raw milk and mozzarella), which
were classified and treated as hazardous waste after
use, and this waste was transported 120 km and dis-
posed in an incineration plant. The plant under study
was not equipped to treat wastewater, so the waste-
water was modeled as being directly discharged into a
municipal treatment system and eventually treated at
a municipal wastewater treatment plant. We accounted
for mozzarella waste during both distribution and retail
phases; primary data were not available, so we consid-
ered a mozzarella waste of 2% (FAO, 2011) for both
Italian and foreign phases. However, mozzarella waste
at food service establishments and restaurants was not
included in the analysis due to lack of available data.
According to WRAP (2014), a mozzarella household
waste of 9% was assumed, both for Italian and foreign
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Table 2. Plant gate-to-grave life cycle inventory flows per kilogram of
high-moisture (HM) mozzarella

Input flow, per kg Transport,’

Inputs of HM mozzarella km
Distribution

Italian transport, km — 524

Foreign transport, km — 1,092

Foreign airplane transport, km — 8,735

Foreign ship transport, km — 17,100

Electricity, kWh 0.04 —
Retail

Transport, km — 50

Electricity, kWh 0.09 —
Consumption

Transport,” km — 10

Electricity, kWh 0.1 —

Dishwasher water, kg 1.1 —
Disposal

Waste mozzarella, kg 0.09 50

Paper waste, kg 0.11 50

Plastic waste, kg 0.03 50

Wasted brine, kg 0.78 —

'Transport by EURO 5 truck (Ecoinvent, 2015).
*Transport by car.

consumption. The brine included in the package was
assumed to be discharged into the kitchen sink and
treated as wastewater in a municipal treatment system.

LM Mozzarella (From Purchased Curd). The
whole process of the manufacture of HM mozzarella
occurred inside 1 dairy plant. The LM mozzarella, how-
ever, is manufactured using 2 dairy plants; the curd is
manufactured in a specialty plant and transported to
a mozzarella manufacturing plant, where it is trans-
formed into mozzarella. Comparatively, LM mozzarella
is generally used as an ingredient, such as a pizza top-
ping, so cooking is a required process, whereas moz-
zarella from raw milk is generally consumed fresh and
without cooking. In our study, HM and LM mozzarella
were produced in the same dairy plant, and the produc-
tion lines were completely separate, so it was possible
to consider the 2 production lines as 2 separate dairy
plants. The plant purchased 92% of its curd from other
European countries, whereas the remaining percentage
came from Italian dairy plants. Further, the environ-
mental impacts of LM mozzarella were estimated and
then compared with the environmental impacts of HM
mozzarella. The comparison between HM and LM moz-
zarella was shown on the basis of DM content of the
products because the comparison is not appropriate for
products with different moisture contents when alloca-
tion is based on solids content.

The operations from receiving the raw milk to ripen-
ing curd during the manufacturing of HM mozzarella
were used to model the purchased curd production for
LM mozzarella manufacturing, which may have oc-
curred in either Italian or foreign dairy plants before
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Table 3. From farm gate-to-grave, additional input flow per kilogram
of low-moisture (LM) mozzarella before allocation

Input flow, per kg Transport,’

Inputs of LM mozzarella km
Packaging

Electricity, kWh 2.85E-03 —

Plastic, kg 2.04E-03 Default?
Storage predelivering

Electricity, kWh 0.02 —

Delivering to mozzarella plant
Italian transport, km — 103

Foreign transport, km — 1,397
Storage postdelivering
Electricity, kWh 0.02 —
Curd cooking
Well water, kg 0.23 —
Salt, kg 0.01 1,000
Natural gas, kWh 0.12 —
Electricity, kWh 0.03 —
Mozzarella loss, kg of milk solids 0.15
Waste
Plastic waste, kg 2.04E-03 50
Cooking at consumption
Electricity, kWh 0.58 —

"Transport by EURO 5 truck (Ecoinvent, 2015).

*Transport included in the market processes from the Ecoinvent data-
base (Ecoinvent, 2015).

transport to the manufacturing facility under study. Af-
ter the ripening and draining, the curd was shaped into
blocks, packaged with plastic bags, and refrigerated
before delivery. After delivery to the mozzarella plant,
the curd was refrigerated for up to 10 d. To produce
LM mozzarella, the curd was cut in pieces, warmed
with hot water (curd cooking) to soften it, and, finally,
stretched and manufactured into mozzarella. Data re-
quired for curd production (both domestic and foreign)
and the processes following curd ripening and draining
(packaging, storage, delivery, and mozzarella produc-
tion) were taken from data provided for HM mozzarella
production. Skimmed whey and whey cream were co-
products of LM mozzarella production, whereas the fat
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whey was a co-product in the curd manufacturing. The
loss of milk solids during LM mozzarella manufacturing
(milk solids entering in the plant with the curd minus
milk solids delivered by the plant with the mozzarella
and the co-products) was included. The same data used
for the HM mozzarella post-dairy plant phases were
assumed for LM mozzarella; for consumption, however,
LM mozzarella was assumed to be a pizza topping and
thus required heating and electricity to be cooked in an
electric oven [29% mass allocation factor to mozzarella
STG (2016)], obtaining 0.58 kWh/kg of LM mozzarella
from cooking. Waste of LM mozzarella was assumed
the same as HM mozzarella; the mozzarella waste at
food service establishments and restaurants was not
included in the analysis due to the lack of available
data, whereas the mozzarella waste at the in-home con-
sumption phase was set at 9%. According to the dairy
plant, the shelf-life of LM mozzarella is the same as HM
mozzarella. Table 3 shows the additional data inventory
per kilogram of LM mozzarella before allocation.

Life Cycle Impact Assessment

The impact categories were assessed using the
ReCiPe midpoint (H) V1.11 framework (Goedkoop et
al., 2009). The inventory indicator categories of land
occupation and water depletion were also assessed with
the ReCiPe framework, and the cumulative energy de-
mand inventory indicator category was assessed by the
method of Frischknecht et al. (2007) (Table 4).

RESULTS
Results of HM Mozzarella

Figure 4 presents the life cycle impact assessment
results from cradle-to-grave and from farm gate-to-
grave. Table 5 presents the quantitative results for the

Table 4. Inventory and impact categories analyzed in the study and acronyms used in the text!

Life cycle impact category

Life cycle inventory indicator category

CC = climate change, kg of CO, equivalents

OD = ozone depletion, kg of CFC-11 equivalents
TA = terrestrial acidification, kg of SO, equivalents
FE = freshwater eutrophication, kg of P equivalents
ME = marine eutrophication, kg of N equivalents
HT = human toxicity, kg of 1,4-DCB equivalents
ET = ecotoxicity,” kg of 1,4-DCB equivalents

CED = cumulative energy demand, MJ
LO = land occupation, m%a
WD = water depletion, m®

POF = photochemical oxidant formation, kg of NMVOC

ICFC = chlorofluorocarbon; 1,4-DCB = 1,4 dichlorobenzene; NMVOC = nonmethane volatile organic com-
pound; m?a = unit of land occupation is area x time, in this case square meters of land per year.

Ecotoxicity is reported as cumulative of 3 impact categories affecting the environmental sphere: terrestrial,
freshwater, and marine ecotoxicity. All 3 impact categories have the same unit of measure, kg of 1,4-DCB
equivalents, according to Goedkoop et al. (2009). Whereas, human ecotoxicity was considered by itself due to

its repercussion on human health.

Journal of Dairy Science Vol. 100 No. 10, 2017
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Figure 4. Life cycle impact assessment results for the supply chain of high-moisture (HM) mozzarella: cradle-to-grave (left column) and
farm gate-to-grave (right column) perspectives. CC = climate change; OD = ozone depletion; TA = terrestrial acidification; FE = freshwater
eutrophication; ME = marine eutrophication; HT = human toxicity; POF = photochemical oxidant formation; ET = ecotoxicity; LO = land
occupation; WD = water depletion; CED = cumulative energy demand. Color version available online.

full supply chain of HM mozzarella consumption. Raw
milk production contributed the largest effects for most
impact categories. Feed production was the main con-
tributor at the farm phase for all impact categories, and
farm activities were relevant in climate change (CC),
terrestrial acidification, and photochemical oxidant for-
mation (POF). Ozone depletion (OD), human toxicity
(HT), and cumulative energy demand (CED) were
the only 3 categories where post-farm gate activities
contributed more than 50% of the final impact; OD was
mainly determined by manufacturing operations, HT
was mainly related to transport activities, and CED was
determined by energy usage, packaging, and transport
activities. Furthermore, manufacturing and packaging
had the largest contribution in the post-farm supply
chain, except for HT, POF and ME. Indeed, more than
40% of post-farm gate HT and POF was caused from
raw milk transport and transport of mozzarella, whereas
the same percentage for marine eutrophication (ME)
was derived from retail, consumption, and waste, which
signals an important contribution along the post-farm

Journal of Dairy Science Vol. 100 No. 10, 2017

chain. Energy production and utilization were the main
drivers in several impact categories, primarily for CC
and CED, whereas the production and use of packaging
contributed to land occupation (LO), CED, and water
depletion (WD).

Manufacturing and packaging are directly controlled
by the mozzarella manufacturer, and given their rela-
tively large contribution to final effects after the farm
gate, it is reasonable to analyze gate-to-gate impacts
and contribution for the dairy plant (Figure 5). Electric-
ity, natural gas, and secondary packaging (cardboard
boxes) were the main drivers from mozzarella manufac-
turing, excluding OD and WD. Refrigerant losses were
the main contributors to OD, with its largest contribu-
tion after the farm gate related to storage and transport
of mozzarella, whereas wastewater treatment and well
water for processes were main contributors for WD.
Land occupation was mainly determined by secondary
cardboard packaging; that is, the boxes that transport
the packaged mozzarella to a distribution center and
then to retail. This result was somewhat unanticipated,



Table 5. Cradle-to-grave life cycle impact assessment results per kilogram of high-moisture (HM) mozzarella consumed

Transport, Transport,

Consumption
and disposal

Transport,

cheese Waste Total

other

Farm raw milk  Manufacturing Packaging  Distribution Retail

Feed

Ttem?

7.25E-07
9.55E-02
1.14E-03
4.75E-02
4.72E-01
1.90E-02
8.23E-02

6.66
4.4

2.54E-09
3.97E-04
3.77E-05
5.71E-04
2.85E-02
2.74E-04
4.75E-03
1.64E-03
1.45E-02

0.10
1.44

2.94E-08
5.51E-04
1.27E-05
6.25E-05
3.54E-02
6.59E-04
3.22E-03
8.47E-03
4.78E-04

0.16
2.

2.04E-09
3.64E-05
8.64E-07
4.29E-06
2.72E-03
4.42E-05

0.01

8.57E-09
2.52E-04
1.14E-05
3.50E-04
1.10E-02
1.51E-04
1.07E-03
2.88E-03
1.53E-03

0.06
1.11

8.06E-09
2.37E-04
1.08E-05
3.29E-04
1.03E-02
1.42E-04
1.01E-03
2.71E-03
4.00E-04

0.06
1.05

3.67E-09
1.08E-04
4.89E-06
1.50E-04
4.70E-03
6.45E-05
4.57E-04
1.23E-03
1.82E-04

0.03
0.48

7.31E-09
7.66E-04
3.52E-05
1.95E-04
4.29E-02
8.90E-04
4.08E-03
5.61E-02
1.21E-02

0.19
7.81

5.05E-07
8.62E-04
4.29E-05
9.90E-04
3.53E-02
5.17E-04
3.95E-03
1.38E-02
1.64E-02

0.31
5.42

3.59E-08
6.39E-04
1.37E-05
7.40E-05
7.30E-02
7.96E-04
3.75E-03
1.28E-02
5.72E-04

0.20
3.19

1.63E-08
2.85E-02
1.38E-06
1.07E-03
2.86E-03
8.84E-03
1.02E-04
1.46E-01
1.78E-02

2.50
2.67

1.07E-07
6.32E-02
9.73E-04
4.37E-02
2.25E-01
6.66E-03
5.97E-02
4.12E+00
5.68E-01

3.04
19.17

CcC
TA
FE
ME
HT
POF
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6.03E-01

45.1

1.77E-04
6.67E-04
3.33E-05

0.18

63

CED

'CC = climate change (kg of CO, equivalents); OD = ozone depletion (kg of chlorofluorocarbon-11 equivalents); TA = terrestrial acidification (kg of SO, equivalents); FE

= fresh-

a, unit of land occupation

2

land occupation (m

human toxicity (kg of 1,4 dichlorobenzene equivalents); POF = photochemical

); CED = cumulative energy demand (MJ).

3

marine eutrophication (kg of N equivalents); HT

oxidant formation (kg of nonmethane volatile organic compounds); ET = ecotoxicity (kg of 1,4 dichlorobenzene equivalents); LO

is area X time, in this case square meters of land per year); WD = water depletion (m

water eutrophication (kg of P equivalents); ME

as the delivery of packaged mozzarella required a large
number of cardboard boxes, so the cardboard box usage
had repercussions on environmental impacts. Notably,
wastewater particularly affected WD, ME, freshwater
eutrophication (FE), and ecotoxicity (ET). Nitrogen
and phosphate in wastewater were a significant source
of eutrophication, both for FE and ME. Finally, the
post-dairy plant phases were mainly driven by electric-
ity usage for cooling and storage of mozzarella and
secondarily by transport, whereas wastewater produced
during mozzarella consumption, including the brine
used to preserve the freshness of mozzarella, were rel-
evant for WD, FE, and ME in the post-dairy plant
analysis.

Normalization

Normalization is useful to identify the impact catego-
ries, which are important for this specific sector (Kim et
al., 2013). ReCiPe Midpoint (H) V1.11 European nor-
malization factors (Goedkoop et al., 2009) were used to
normalize emissions from the Italian annual per capita
HM mozzarella consumption, determined by the total
Italian annual mozzarella consumption (280,643,295
kg; Assolatte, 2015) divided by the Italian population
(60,795,612 citizens; Istat, 2015b). Normalized results
represent the fractional contribution of mozzarella con-
sumption by Italians, to an average European Union
citizen’s cumulative annual environmental impact.
Normalization results are shown in Figure 6. Ecotoxic-
ity represented 4.2% of the annual ecotoxicity impact,
whereas ME was 2.2% of the annual marine eutrophica-
tion impact. Both ET and ME were derived mainly
from feed production at farm, waste treatment, and
transport activities along the supply chain. Meanwhile
the third and fourth largest impact categories (both
1.3%) were the terrestrial acidification and FE, mostly
originating from the use of phosphorus fertilizer. Ap-
plying normalization in a farm gate-to-grave perspec-
tive shows that the ET, FE, and HT still occupied the
first positions with regard to contribution to impacts,
whereas ME was third. These results were all mainly
driven by transport activities, waste treatment, and
electricity usage.

Uncertainty Analysis

The LCA results for 1 kg of HM mozzarella consumed
were analyzed using 1,000 Monte Carlo simulation runs
(Table 6). Ecoinvent v3 pedigree matrix (Weidema et
al., 2013) was used to assign the quality of individual
data; CC, CED, and WD were relevant impact catego-
ries for dairy production. The 95% confidence interval
was 5.86 to 7.93 kg of CO, equivalents and 38.6 to
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Figure 5. Contribution to environmental impacts from gate-to-gate at manufacturing plant of high-moisture (HM) mozzarella. CC = climate
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Figure 6. Normalization of cradle-to-grave (black bar) and farm gate-to-grave (gray bar) effects for 4.6 kg of high-moisture (HM) mozzarella
consumed. CC = climate change; OD = ozone depletion; TA = terrestrial acidification; FE = freshwater eutrophication; ME = marine eutro-
phication; HT = human toxicity; POF = photochemical oxidant formation; ET = ecotoxicity; LO = land occupation.
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Table 6. Uncertainty analysis using 1,000 Monte Carlo simulation runs of 1 kg of high-moisture (HM) mozzarella consumed from cradle-to-grave

Impact category Unit' Mean CV, % 95% CI

Climate change kg of CO, equivalents 6.66 7.94 5.86 7.93
Ozone depletion kg of CFC-11 equivalents 7.25E-07 2.40E+4-01 4.56E-07 1.14E-06
Terrestrial acidification kg of SO, equivalents 9.55E-02 1.28E+01 7.75E-02 1.26E-01
Freshwater eutrophication kg of P equivalents 1.14E-03 2.75E401 9.44E-04 1.48E-03
Marine eutrophication kg of N equivalents 4.75E-02 1.11E+01 3.94E-02 6.08E-02
Human toxicity kg of 1,4-DCB equivalents 4.72E-01 9.20E+03 0.00E+00 9.56E+401
Photochemical oxidant formation kg of NMVOC 1.90E-02 1.03E+01 1.57TE-02 2.36E-02
Ecotoxicity kg of 1,4-DCB equivalents 8.23E-02 1.63E+03 0.00E+00 7.30E-01
Land occupation m’a 4.4 46.9 3.8 5.3
Water depletion m® 6.03E-01 8.81E+01 5.88E-01 1.56E+00
Cumulative energy demand MJ 45.1 105.4 38.6 54.1

!CFC = chlorofluorocarbon; 1,4-DCB = 1,4 dichlorobenzene; NMVOC = nonmethane volatile organic compound; m* = unit of land occupation

is area X time, in this case square meters of land per year.

54.1 MJ for CC and CED per kilogram of mozzarella
consumed, respectively. The average emissions were
6.66 kg of CO, equivalents and 45.1 MJ of cumulative
energy demand/kg of mozzarella consumed. Both CC
and CED were derived at 14 and 45% from the dairy
plant to grave perspective, respectively; whereas 0.94
kg of CO, equivalents and 20.3 MJ were the impacts
per kilogram of mozzarella at the dairy plant. The wa-
ter depletion per kilogram of mozzarella consumed was
0.60 m®, whereas the water depletion from the dairy
farm gate-to-grave perspective was 3% of the total WD,
equivalent to 18 L/kg of mozzarella consumed; 80% of
this water was used during mozzarella manufacturing
in the dairy plant.

DISCUSSION

Our study is an analysis from cradle-to-grave of moz-
zarella consumption. In line with published literature
of LCA of dairy production (Kim et al., 2013; Vergé et
al., 2013; Broekema and Kramer, 2014; Palmieri et al.,
2016), most of the effects were related to raw milk pro-
duction; therefore, immediate suggestions for impact
improvement are related to dairy farm activities. Farm
effects related to feed production (fertilization, trans-
port, processing, and land and water use) and animals
(enteric methane, nitrous oxide, and methane from
manure management) are the hotspots for improve-
ments, as stated previously by Berlin (2002), Rotz et al.
(2010), Kim et al. (2013), Thoma et al. (2013), Vergé et
al. (2013), and Palmieri et al. (2016).

The normalization suggests that ET and ME are the
main impact categories where environmental mitiga-
tions should be focused, as the relative contribution
of mozzarella production and consumption was larger
than other impact categories. The ME was closely re-
lated to nitrogen, which was released in water after
nitrogen fertilizer application during feed production.

The ET was derived mainly from feed used at the farm
phase, mainly from production and use of purchased
feed, both for Italian and foreign raw milk production.
In particular, soybean and corn, used as main ingredi-
ents in concentrate feed for lactating cows, represented
more than 80% of the purchased feed-related ET. After
the purchased feed contribution, ET was determined
by on-farm feed production, primarily corn silage for
Italian milk and grass silage for foreign milk. Pesticides
(mainly for purchased feed production), heavy metals
(contained in fertilizers), and transport of off-farm
inputs and fields operation, in order, were the main
contributing substances and activities to ET associated
with feed; similar to the results reported by Eide (2002)
and Ledgard et al. (2016). Considering the post-farm
phases, fossil fuels used for electricity production and
mozzarella transport were the primary contributors to
ET. Moreover, considerable ET was associated with
waste management, particularly from heavy metals
released by landfilling; again, in line with Eide (2002).
Therefore, efforts to reduce electricity and fuel con-
sumption in post-farm mozzarella life cycle will lead
to broad impact reduction, as suggested by Kim et al.
(2013).

Water use is an important aspect of dairy production
(Ridoutt et al., 2010). In our study, more than 90% of
WD arose from feed production and farm activities.
Notably it is interesting to analyze water use using the
recent method AWARE (Available WAter REmain-
ing) v1.02, which is a recommended method from the
WULCA (Water Use in LCA) Group to assess water
scarcity impact in LCA, the method is also endorsed
by the EU Joint Research Center (WULCA, 2017).
A full comparison between the method to assess the
WD in our study (Goedkoop et al., 2009) and the full
implementation of the AWARE method is complex and
falls outside of the current study’s goal; moreover, the
software SimaPro 8.1 (PRé Consultants, 2014) has a
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limited implementation of the AWARE method. How-
ever, we consider that the application of the AWARE
method increases the value of our analysis and is a
starting point for future research. The application of
the AWARE method was performed considering all
the mozzarella life cycle phases used in the current
study. Considering the cradle-to-grave perspective, the
AWARE method identified 1.58 m* of water scarcity
per kilogram of mozzarella consumed. In contrast to
the baseline method, the AWARE result shows that
packaging (mainly cardboard boxes used during moz-
zarella transport) was the main driver (54%), followed
by feed production for animals (20%), farm activities
(13%), and mozzarella manufacturing (6%). Distribu-
tion, retail, and consumption contributed 4% of im-
pact, and waste and transport (mainly milk and moz-
zarella) caused 1 and 2% of water scarcity, respectively.
Feed production for animals was the main driver of
water scarcity for both Italian and foreign raw milk.
Purchased feed, mainly protein feed (such as soybean)
was the main contributor (70%) to water scarcity in the
feed production phase, whereas fertilizer production, ir-
rigation, and energy used in the feed mill were the main
processes consuming water; secondarily, water scarcity
occurred from on-farm feed production (25%) of corn
silage for Italian milk and grass silage for foreign milk.
Finally, drinking water for animals and a minor contri-
bution from energy usage were the main drivers at the
farm phase (5%).

Importantly, manufacturing was the phase of the
mozzarella life cycle mainly analyzed in our study. We
evaluated 1 mozzarella plant, yet we considered the
model to be a suitable representation of the Italian moz-
zarella production, excluding special mozzarella pro-
duction such as aged or smoked mozzarella, due to the
limited production level and the artisanal rather than
industrialized production technology. Manufacturing
operations were the main contributors for OD, whereas
transport of raw milk and mozzarella were important
contributors for HT and ET, from the post-farm gate
perspective, as also reported by Kim et al. (2013). This
situation is different than reported by Palmieri et al.
(2016), where negligible effects of transport activities
(mainly raw milk) were found due to the short distance
between farm and factory. Comparatively, in our study,
68% of the raw milk was imported from other European
countries, increasing the distance from the farm to the
mozzarella facility. Further, whereas 87% of mozzarella
had a national market, the remainder was internation-
ally distributed (1,561 km).

Climate change and CED were mainly determined by
energy usage, where mozzarella-making and packaging
production were the 2 main energy-consuming phases
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in the post-farm gate supply chain, and energy was
primarily linked to electricity usage. Effects of energy
usage, its linkage with electricity, and its relevance after
farm gate were determined by several authors (Guinard
et al., 2009; Kim et al., 2013; Vergé et al., 2013; Palmieri
et al., 2016). Moreover, the effects of packaging were
relevant, in agreement with EPD (2013), where mozza-
rella packaging was a main driver after farm and manu-
facturing phases for resource depletion, photochemical
oxidant formation, acidification, and eutrophication.
The same impacts were derived from packaging in our
study and in the study of Sonesson and Berlin (2003);
whereas Gonzélez-Garcia et al. (2013a) and Broekema
and Kramer (2014) estimated low impacts from pack-
aging, and its contribution is mainly present for land
occupation. In our study, land occupation and CED
were mainly caused by cardboard packaging; in fact,
land was occupied for many years (up to 30 yr) to grow
trees for cardboard-making, and electricity was used to
process both cardboard and plastic packaging.

Large amounts of small cardboard box packaging
were used to deliver the mozzarella; this can be consid-
ered as an inefficiency in the use of packaging because
small amounts of mozzarella were packaged in each
box, whereas a large packaging would use less packag-
ing per unit volume of mozzarella and lead to impact
reduction (Marsh and Bugusu, 2007). Nevertheless,
it is important to take into consideration the type of
mozzarella market, which is characterized by a wide
network of small Italian and foreign retailers. These
retailers are supplied with the most common packaged
shape (HM mozzarella balls, 0.125 kg, packaged using
a plastic film); therefore, a small quantity of mozzarella
delivered using small cardboard boxes is better man-
aged by the retailers, although this leads to increase
of packaging use and, in turn, impacts. At the manu-
facturing plant, wastewater treatment together with
energy and packaging usage presented a considerable
driver to WD, FE, ME and ET, as reported by Kim
et al. (2013), Broekema and Kramer (2014) and Palm-
ieri et al. (2016). Phosphate, nitrogen, and chemical
oxygen demand contained in the wastewater were the
key substances contributing to freshwater and marine
eutrophication and ecotoxicity, in line with Gonzalez-
Garcia et al. (2013b).

Another suggestion is that the manufacturing phase
could be targeted for emission improvements. Cheese
manufacturing and cheese distribution by trucks con-
sumes a lot of energy; thus, a reduction of energy
consumption, an increase in renewable source fuels
and energy, and an emissions reduction for trucks
could improve the environmental profile of mozzarella
(Gonzélez-Garcia et al., 2013a). Additionally, packag-
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ing is one of the main contributors for several categories
in that packaging presents a wide variation of impact
contribution based on its type, especially for dairy
products (Foster et al., 2007). Williams and Wikstrom
(2011) studied the relevance of packaging effect of dif-
ferent food items and determined there is a high con-
tribution of packaging for cheese. Those authors found
that reduction in packaging for cheese is not always
a good solution for impact improvement. In fact, a
tradeoff exists between packaging and food waste—in-
sufficient packaging may increase spoilage losses, ulti-
mately leading to greater effects for the supply chain
(Marsh and Bugusu, 2007; Williams and Wikstrom,
2011). Research on food packaging with low environ-
mental burdens suggests biomaterial-based packaging
and recycling technology as the most promising options
(Chiellini, 2008), together with lightweight packaging
(Marsh and Bugusu, 2007). In our case, plastic packag-
ing is fundamental to preserve the freshness and the
long shelf-life of mozzarella, whereas the cardboard box
packaging was used for delivery and storage. Research
on the reduction of packaging amount per kilogram of
mozzarella and new eco-sustainable packaging could be
a starting point to reduce the impact of packaging in
the mozzarella life cycle.

Compared with farm and manufacturing phases, the
post-dairy plant and consumption phases played a mi-
nor role, as also reported by Broekema and Kramer,
(2014) and Palmieri et al. (2016). However, Broekema
and Kramer (2014) found that distribution, retail, and
consumption contribute mainly to climate change, eu-
trophication, and energy depletion, which is primarily
determined by energy for cooling and lighting. Simi-
larly, in our study, the energy used (mainly electricity)
for refrigeration was the main driver at the distribution
and consumption phase, which is another key area for
reduction and improvement. Finally, our study does
not provide information on the co-products’ impacts
because all of the co-products were sold by the plant
and destined for further transformation and utilization,
such as animal feed, protein and sugar extraction, and
utilization as ingredients for other dairy products. The
subsequent use of co-products has been evaluated by
several authors as a way to reduce emissions (Flysjo et
al., 2014), although in some cases the further process-
ing of co-products can increase the overall emissions,
as shown by Gonzélez-Garcia et al. (2013a), where the
drying process of liquid whey from Portuguese cheese-
making increased the total effects at the cheese plant.
Notably, a detailed assessment of the potential valo-
rization of co-products is necessary to obtain specific
measures of reduction and improvement from this re-
use, but this falls outside of our research aims for the
current paper.
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Allocation Scenario Analysis

Testing different allocation models is a good way to
test the robustness of the results. Table 7 and Figure
7 shows the comparison between the default allocation
(Case 1) and the 2 allocation scenario analyses (Case
2 and Case 3). Moving from milk solids allocation
through protein and fat allocation, as well as economic
allocation and no-allocation, the CC and CED ranged
from 6 to 13 kg of CO, equivalents and from 37 to
80 MJ of cumulative energy demand/kg of mozza-
rella consumed, respectively. Comparing the 2 scenario
analyses, Case 3 assigned lower emissions than Case 2
to overall impacts, except when no-allocation was ap-
plied. The lower values of Case 3 suggest that assuming
the data at the whole-plant level, without plant-specific
information, determines a lower assignment (i.e., a
lower allocation factor) of resources to mozzarella than
Case 2. This observation suggests that Case 2 better
represents the resource assignments inside the dairy
plant because these assignments represent the main
aim of dairy plant, which is mozzarella production.
Moreover, the ISO requirement (ISO 2006a,b) suggests
resource attribution to plant operations and products,
using specific plant information as a means of system
separation to avoid allocation. The results show the
no-allocation model is the best model to evaluate the
impacts at the whole-plant level, without considering
co-products and their further processes, which indicates
better strategies for reduction at the plant to the manu-
facturers. Meanwhile, the milk solids allocation may be
more appropriate to follow the resource flows inside
the plant and their assignments to each product. The
economic model remains one of the most-used models
for allocation (FAO, 2016), which clearly reflects the
first aim of the manufacturers, although it does not
necessarily reflect the material and energy flows of the
production system (Ayer et al., 2007).

Impacts of LM Mozzarella

Mozzarella from purchased curd (LM) had larger
impacts than mozzarella produced directly from raw
milk (HM). This finding was anticipated, as adding
phases to the life cycle will increase environmental
burdens. To compare the 2 types of mozzarella, it is
important to note 2 facts. First, HM and LM mozza-
rella are 2 different products, having different moisture
contents; therefore, a direct comparison considering the
kilograms of mozzarella consumed is not appropriate.
Second, the 2 mozzarella processes result in different
allocation factors at the manufacturing plant due to
different moisture contents and different amounts of
co-products. For these reasons, we present the com-
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Table 7. Impact results per kilogram of high-moisture (HM) mozzarella consumed with allocation scenario analyses (Case 2 and Case 3)"

Case 1° Case 2° Case 3*
Milk No Milk No

Impact solids allocation  Economic Fat Protein solids allocation ~ Economic Fat Protein
CcC 6.66 11.36 10.88 9.13 8.96 6.27 13.4 10.53 8.79 8.59
OD 7.25E-07 1.24E-06 1.18E-06 9.94E-07  9.75E-07 7.80E-07  1.67E-06 1.20E-06 1.05E-06 1.01E-06
TA 9.55E-02 1.68E-01 1.60E-01 1.33E-01  1.31E-01 9.40E-02  2.01E-01 1.59E-01 1.32E-01 1.29E-01
FE 1.14E-03 1.95E-03 1.87E-03 1.57E-03  1.54E-03 1.07E-03  2.28E-03 1.79E-03 1.49E-03 1.46E-03
ME 4.75E-02 8.32E-02 7.95E-02 6.63E-02  6.49E-02 4.63E-02  9.90E-02 7.82E-02 6.51E-02  6.37E-02
HT 4.72E-01 7.36E-01 7.08E-01 6.11E-01  6.00E-01 3.80E-01  8.11E-01 6.28E-01 5.29E-01 5.15E-01
POF 1.90E-02 3.22E-02 3.09E-02 2.60E-02  2.55E-02 1.77E-02  3.78E-02 2.97E-02 2.48E-02  2.43E-02
ET 8.23E-02 1.35E-01 1.30E-01 1.10E-01  1.08E-01 7.20E-02 1.54E-01 1.20E-01 1.01E-01  9.83E-02
LO 4.4 7.7 7.4 6.1 6 4.3 9.2 7.3 6.1 6
WD 6.03E-01 1.06E+00  1.01E400 843E-01 8.26E-01 5.97E-01 1.28E+00 1.01E4+00  8.39E-01  8.21E-01
CED 45.1 69.6 67.1 58 57 37.3 79.6 60.7 51.6 50.1

'CC = climate change (kg of CO, equivalents); OD = ozone depletion (kg of chlorofluorocarbon -11 equivalents); TA = terrestrial acidification
(kg of SO, equivalents); FE = freshwater eutrophication (kg of P equivalents); ME = marine eutrophication (kg of N equivalents); HT = human
toxicity (kg of 1,4 dichlorobenzene equivalents); POF = photochemical oxidant formation (kg of nonmethane volatile organic compounds); ET =
ecotoxicity (kg 1,4 dichlorobenzene equivalents); LO = land occupation (mza, unit of land occupation is area X time, in this case square meters
of land per year); WD = water depletion (m®); CED = cumulative energy demand (M.J).
*Default allocation model: plant-specific information and milk solids allocation.

3Allocation scenario analysis: plant-specific information and no allocation, economic, fat, protein allocations.
*Allocation scenario analysis: inputs data at whole plant level allocated using milk solids, no allocation, economic, fat, protein allocations.

O Case3 Milk solids
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O Case3 Fat

W Case2 No-allocation
O Case3 Economic
@ Case2 Protein
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Figure 7. Percent variation of allocation scenario analyses Case 2 (plant-specific information and un-allocation, economic, fat, protein al-
locations) and Case 3 (inputs data at the whole-plant level allocated using milk solids, un-allocation, economic, fat, protein allocations) with
respect to Case 1 (0%; plant-specific information and milk solids allocation) in high-moisture (HM) consumption. CC = climate change; OD =
ozone depletion; TA = terrestrial acidification; FE = freshwater eutrophication; ME = marine eutrophication; HT = human toxicity; POF =
photochemical oxidant formation; ET = ecotoxicity; LO = land occupation; WD = water depletion; CED = cumulative energy demand. Color

version available online.
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Table 8. Environmental impacts (dry basis) of high-moisture (HM) and low-moisture (LM) mozzarella from farm gate-to-grave and source of

variation of LM mozzarella before allocation

Source of variation from additional phases, %

Item’ HM? LM? Storage Packaging Transport Cooking® Waste Oven cooking
cC 1.81 3.37 3.6 11 34.7 8.2 0.3 52.0
OD 1.29E-06 1.72E-06 3.2 0.3 44.5 8.2 0.0 43.8
TA 6.43E-03 1.20E-02 4.0 1.2 30.6 5.1 0.0 59.1
FE 4.68E-04 8.14E-04 4.4 0.8 13.0 5.8 0.0 76.0
ME 1.72E-03 2.26E-03 2.5 0.6 19.0 3.1 0.0 74.8
HT 5.14E-01 9.47E-01 2.7 0.5 50.3 4.2 0.2 42.1
POF 5.12E-03 9.51E-03 2.7 1.5 48.4 4.2 0.0 43.1
ET 4.96E-02 8.39E-02 3.8 0.6 33.9 5.3 0.9 55.6
LO 0.14 0.25 4.2 1.5 34.8 4.5 0.0 55.0
WD 4.48E-02 6.55E-02 6.2 1.9 13.1 11.1 0.1 67.6
CED 46.2 76.3 3.8 2.0 32.6 8.5 0.0 53.1

'CC = climate change (kg of CO, equivalents); OD = ozone depletion (kg of chlorofluorocarbon -11 equivalents); TA = terrestrial acidification
(kg of SO, equivalents); FE = freshwater eutrophication (kg of P equivalents); ME = marine eutrophication (kg of N equivalents); HT = human
toxicity (kg of 1,4 dichlorobenzene equivalents); POF = photochemical oxidant formation (kg of nonmethane volatile organic compounds); ET =
ecotoxicity (kg 1,4 dichlorobenzene equivalents); LO = land occupation (mza, unit of land occupation is area X time, in this case square meters
of land per year); WD = water depletion (m®); CED = cumulative energy demand (M.J).

*The results are expressed as DM.
3Curd warming before LM mozzarella making.

parison of the 2 mozzarella on a dry basis. In this case,
the comparison between the 2 types of mozzarella were
made without the use of allocation, to better represent
the phases and operations determining differences of
LM mozzarella with respect to HM mozzarella, as well
as to remove bias from the allocation results. Impor-
tantly, the impacts are overstated because no impacts
are assigned to co-products; however, even if an alloca-
tion were applied, such as milk solids allocation, which
is the correct procedure in multioutput systems (Milani
et al., 2011), the larger emissions of LM mozzarella
compared with HM mozzarella will be invariant (results
not shown).

Table 8 illustrates the comparison of emissions and
the phases influencing differences between the 2 moz-
zarella types (dry basis). The farm phase effects were
the same for both types because the same raw milk
can supply both types of mozzarella, so the effect of
raw milk variability was negligible, although the im-
pact variability of milk production is well established
and is the first contributor for environmental impacts
(Guerci et al., 2013; Thoma et al., 2013). Notably, the
farm phase analysis was not our study’s goal. The post-
dairy plant phases were also identical to HM mozzarella
with the exception of oven cooking at the consumption
phase. Oven cooking determined the main differences
between mozzarella types, and it was particularly re-
lated to electricity usage. Importantly, oven cooking is
an assumption, so it may be possible to have different
kinds of consumption phases, such as no cooking or
a different way of cooking; however, considering the
most common situation, LM mozzarella is mainly pro-
duced and used as a pizza topping, it is reasonable

to consider oven cooking to represent the whole life
cycle. For manufacturers, it is important to highlight
the differences in the manufacturing processes, in that
transport of curd led to larger effects of LM mozzarella
over HM mozzarella. Ozone depletion, HT, POF, and
land occupation were strongly influenced by transport.
Additionally, curd cooking was the second source of
the increase, having the greatest contribution for WD,
CED, CC, OD, FE, and terrestrial acidification. Addi-
tional storage was the third-largest contributor to LM
mozzarella effects. The extra plastic packaging used to
package the curd and the waste generated from the
additional operations of LM mozzarella production had
minimal contribution to the impacts.

Generally, LM mozzarella is manufactured with
purchased imported curd. The milk produced in Italy
represents 70% of the whole Italian milk supply chain
(CLAL, 2015), so Italy imports milk and curd to cover
the whole national consumption. The 60% of Italian
milk is used to produce high-quality and traditional
cheese (CLAL, 2015); therefore, the majority of import-
ed milk and curd is used to produce general industrial
cheese, such as LM mozzarella. Transport of raw milk,
other inputs, and mozzarella were all relevant contribu-
tors to several effects; moreover, they were the first
cause of higher impacts of LM mozzarella than HM
mozzarella from a gate-to-gate perspective. This situa-
tion suggests consideration of a scenario analysis where
LM mozzarella is produced using raw milk (LMm moz-
zarella) instead of curd. In this scenario, the foreign
(94%) and Italian milk is delivered to mozzarella plants
and LMm mozzarella is produced normally, as in case
of HM mozzarella; therefore, the additional phases to
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manufacture curd are avoided. Meanwhile, an increase
in transport is required; in fact, generally 10 kg of milk
is necessary to produce 1 kg of curd (Walstra et al.,
2006). In this scenario, LMm mozzarella had higher
emissions than LM mozzarella from a cradle-to-grave
perspective (Figure 8), ranging from 38% for CED to
1% for land occupation. Clearly, the transport of raw
milk played a fundamental role in increasing emissions;
the transport of milk determined an increase, especially
for OD, HT, and CED. This result suggests that the
production of LM mozzarella using purchased curd is
environmentally better than using imported raw milk.
Although the curd production requires more manufac-
turing phases, the effects are not relevant when com-
pared with the transport of imported milk, where the
average transport was 1,397 and 103 km for foreign and
Italian imported milk (the same as purchased curd),
respectively. Therefore, in a hypothetical situation
where the manufacturer has to decide to produce LM
mozzarella purchasing curd or liquid milk, the more
sustainable decision is to import curd, which requires
less transport. In fact, curd production represents a
kind of milk concentration, which is a practice that
helps reduce impact from milk transport (Flysjo, 2012).

DALLARIVAETAL.

CONCLUSIONS

Our study is an LCA of Italian mozzarella cheese,
and the processes and effects of the mozzarella manu-
facturing plants were emphasized because they can be
easily controlled by the mozzarella manufacturer. In
a cradle-to-grave perspective, animal feed production
and raw milk production were hot spots for all impact
categories except ozone depletion. Effort should be in-
vested to reduce impacts from agricultural phases of
the life cycle (reduction of methane emissions, improve-
ment of manure management, and fertilization tech-
niques), because improvements in these areas have the
potential to significantly reduce several environmental
impacts of the mozzarella life cycle. Energy and fuel
usage were the main contributors for many manufactur-
ing and post-dairy plant environmental burdens, which
involved activities such as storage, refrigeration, and
transport. Manufacturing and packaging had the larg-
est post-farm contribution, with their largest influence
being on freshwater and marine eutrophication, cumu-
lative energy demand, and land occupation. Water used
for cleaning, mozzarella production, and wastewater
management had the greatest contribution to water de-
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Figure 8. Comparison of low-moisture (LM) mozzarella (left column, 100%) and an assumption of LM mozzarella produced from imported
raw milk (LMm mozzarella; right column), respectively, from a cradle-to-grave perspective and a relative contribution of curd and milk. CC =
climate change; OD = ozone depletion; TA = terrestrial acidification; FE = freshwater eutrophication; ME = marine eutrophication; HT = hu-
man toxicity; POF = photochemical oxidant formation; ET = ecotoxicity; LO = land occupation; WD = water depletion; CED = cumulative

energy demand.

Journal of Dairy Science Vol. 100 No. 10, 2017



ENVIRONMENTAL IMPACT OF MOZZARELLA CHEESE

pletion and relevant contributions to marine eutrophi-
cation. Transport of milk and mozzarella was relevant
for human toxicity and photochemical oxidant forma-
tion. Distribution, retail, house, and disposal phases
had smaller contributions to final effects. Furthermore,
this study analyzed the differences between mozzarella
produced directly from raw milk (HM mozzarella) and
mozzarella from purchased curd (LM mozzarella). The
LM mozzarella had larger effects than HM mozzarella,
particularly due to the additional transport to deliver
the curd to mozzarella plants as well as the additional
operations to process the curd into mozzarella, which
were estimated as main contributors increasing the ef-
fects. However, comparing LM mozzarella production
using curd or using imported milk from the same loca-
tion of the curd, the results show that the more sustain-
able choice was to import curd instead of milk. In fact,
milk import required much more transport, considering
the liquid status of the milk. Overall, the production
of mozzarella directly from raw milk appears to be
more environmentally sustainable than using purchased
curd. Moreover, HM mozzarella, being classified as a
high-quality mozzarella—mnormally produced with Ital-
ian milk—can also obtain a Protected Designation of
Origin label, which can improve the visibility of the
HM mozzarella as having lower environmental burdens.
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