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Abstract

Life Cycle Assessment (LCA) research on cheese manufacturing is increasingly
embracing a wider perspective and standardized approaches. Numerous studies
indicate a transition from limited gate-to-gate evaluations to comprehensive life
cycle analyses (either cradle-to-grave or cradle-to-retail), particularly highlighting
traditional and Protected Designation of Origin (PDO) cheeses in countries like
Italy, Brazil, and the United States. The choice of allocation method significantly
influences these results, with studies showing climate change impacts varying from
6 to 13 kg CO, equivalents per kg of cheese depending on the allocation approach.
Common allocation methods include dry matter content, economic value, and
nutritional content, with some studies showing impact variations of up to 64%
between methods. Twenty analyses evaluate the impacts of climate change, with
milk production contributing to 93.5-99.6% of total impacts in certain instances.
Approximately 28.3% of the climate change impacts arise from processing
activities (due to energy consumption), while transport contributes 22.5%.
Eutrophication and acidification are also significant factors, along with evaluations
of water usage, air quality, toxicity, and resource depletion.

Keywords: Cheese production, Life Cycle Assessment, Environmental hotspots,
Allocation methods, Climate change impact.

1. Introduction popularity of cheese as a versatile food and the

Cheese is a dairy product traditionally derived
from the milk of mammals, predominantly
cattle. Given its favorable nutritional profile and
its established role in human diets across
cultures, global cheese production is expected to
continue its upward trend in the coming years.
This growth reflects both the enduring
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evolving dietary preferences of consumers
worldwide [1]. According to the Food and
Agriculture Organization (FAO), global dairy
trade stabilized in 2024 at approximately 85
million tonnes, following two consecutive years
of decline. Within this broader context, the
outlook for international cheese trade remains
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particularly promising. This steady growth
underscores the resilience of global demand for
cheese, even amid ongoing economic
uncertainties. The increase in cheese exports
appears to be driven not only by improved
production conditions but also by producers’
ability to adapt to the diverse preferences and
expectations of international markets [2].
Cheese varieties can be classified through
several technological criteria, with texture being
the most widely used. This parameter—ranging
from very hard, hard, semi-hard, and semi-soft
to soft—is primarily determined by the cheese’s
moisture content [3]. Another key classification
method involves the species of animal from
which the milk is sourced. The distinct
compositional and physicochemical properties
of milk from different species significantly
influence the characteristics of the resulting
cheese [4]. Although cheese can be produced
from the milk of various mammalian species,
bovine milk remains the dominant source
worldwide, accounting for approximately 85%
of the global milk supply. Nonetheless, milk
from sheep, goats, and buffaloes also holds
commercial relevance in cheesemaking, albeit at
a smaller scale [5].

Life Cycle Assessment (LCA) is a
comprehensive analytical method designed to
evaluate the environmental impacts associated
with products or services throughout their entire
life cycle [6]. Although the concept of LCA
originated in the 1960s [7], its application
expanded significantly during the 1990s
following the development of international
standardization, particularly through the 1SO
14000 series (1SO 2006a, b). According to the
ISO framework, LCA is structured into four
standardized phases: Goal and scope definition,
Life cycle inventory (LCI) analysis, Life cycle
impact assessment (LCIA) and Interpretation of
results.

According to 1SO, the scope of a Life Cycle
Assessment  (LCA) - including system
boundaries and level of detail - is determined by
the study’s purpose and subject. The Life Cycle
Inventory (LCI) phase involves collecting data
on inputs and outputs related to the product
system. The Life Cycle Impact Assessment
(LCIA) then interprets this data to evaluate

potential environmental impacts. Finally, the
interpretation phase analyzes results from the
LCI and/or LCIA to draw conclusions, make
recommendations, and support decisions in line
with the study’s original goals [8].

In view of these considerations, a systematic
review of LCA studies applied to cheese
production is  essential to identify
methodological trends, critical points of impact
and best practices in assessing the sustainability
of this sector. This study aims to address this
need through a rigorous review of the existing
literature.

2. Materials and Method

The present study has been developed in
accordance with the ISO 14040 and 1SO 14044
standards for Life Cycle Assessment (LCA)
methodology (ISO (2006a)). These standards
offer a globally recognized framework for
conducting LCA while allowing considerable
flexibility in methodology to tailor individual
projects.

Twenty-five studies were analyzed on the life
cycle assessment of different types of cheese
from several geographical areas. Aspects of
geographical and operational scope,
environmental impact categories, environmental
hotspots and allocation methods have been
considered. The earliest study included was by
[9] examining Emmental cheese production in
Finland, while the most recent study was by [10]
focusing on cheese production with biogas
integration. This temporal range allows for a
comprehensive  analysis of how LCA
approaches in cheese production have evolved
over time. A key aspect of the research is its
specificity to cheese production, rather than a
broader assessment of milk production or the
general dairy industry. Moreover, the primary
focus remains on environmental assessment
rather than economic, social, or product quality
aspects, ensuring a comprehensive evaluation of
the ecological footprint of cheese production.

3. Results and Discussion

3.1 Characteristics of Included Studies
This systematic examination provides insights
into how LCA research in the cheese industry
has evolved, highlighting trends in study scope,
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methodological approaches, and impact
assessment priorities. The review encompasses
studies from diverse geographical locations,
ranging from traditional cheese-making regions
in Europe to emerging cheese producers in
Brazil and New Zealand, offering a global
perspective on cheese production’s

environmental implications. The following
analysis (table 1) details the key characteristics
of these studies, including their focus areas,
geographical scope, LCA boundaries, and the
environmental  impact  categories  they
addressed.

Table 1. Characteristics and scope of reviewed LCA studies in the cheese industry

Study Focus Geé)gé?(??lc LCA Scope Key impact categories Source
Cheese and_ whey Wisconsin, USA Farm gate to Global warm_ing pqtential, [11]
processing plant gate Energy intensity
Fossil Depletion, Water
Depletion, Particulate Matter
Mozzarella cheese _ I_:ormation, Ph.otochemical
. Northern Brazil Gate-to-gate  Oxidants Formation, Freshwater [12]
production S .
Eutrophication, Terrestrial
Acidification, Ozone Depletion,
Climate Change
Climate change, Human toxicity,
Particulate matter, lonizing
Minas Frescal and Casimiro de radiation, Photochemical ozone
cured Minas Abreu, Rio de Cradle-to-gate formation, Acidification, [13]
cheese Janeiro, Brazil Eutrophication, Water
ecotoxicity, Land use, Water
depletion, Resource depletion
Grana Padano Cradle-to- .
Italy cheese factory Climate change [14]
cheese
gate
Organic Emilia Romagna
Parmigiano Italy ' Cradle-to-gate  Climate change, water footprint [15]
Reggiano cheese
Climate change, Ozone
depletion, Terrestrial
acidification, Freshwater
eutrophication, Marine
eutrophication, Human toxicity,
Photochemical oxidant
Small-scale cheese  Pilofia, Asturias, Cradle-to- forr?atlon,_Partlculate matter
factor Spain retail stores ormation, Terrestrial [16]
y p
ecotoxicity, Freshwater
ecotoxicity, Marine ecotoxicity,
lonising radiation, Agricultural
land occupation, Urban land
occupation, Natural land
transformation, Water depletion,
Metal depletion, Fossil depletion
44 French artisanal Climate change, Ozone
Protected depletion, lonizing radiation,
Designation of France Cradle-to-gate  Photochemical ozone formation, [17]
Origin (PDO) Particulate matter, Acidification,
cheeses Eutrophication, Land use, Water
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44 French PDO
cheeses

Cagliata cheese

Asiago PDO
cheese

LCA tool for dairy
products

Grana Padano
PDO and
mozzarella cheese

Cheddar and
mozzarella cheese

Cheddar and
mozzarella cheese

Parmigiano
Reggiano PDO
cheese

Acrtisanal and
industrial Minas
cheese

Different dairy
farm systems for
cheese production

Italian mozzarella
cheese

Italian dairy

France Cradle-to-gate
Lithuania Sg?gter;[gr-
Farm gate-to-
Italy plant gate
Cradle-to-
Lombardy distribution
Region, ltaly center gate
No mention No mention
found, likely found
Italy
Cradle-to-
USA grave
USA Farm-gate-to-

customer-gate

Cradle-to-
factory-gate

Northern Italy,
Mantua province

Minas Gerais, Cradle-to-
Brazil consumer
No mention
North Italy found
Cradle-to-
Italy
grave
Veneto Region, Varies by
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use, Resource use

No mention found

Climate change

Climate change, Energy
consumption, Fresh water
eutrophication

No mention found (16 impact
categories mentioned)

Natural land transformation,
Aguatic eutrophication,
Terrestrial acidification

Climate change, Cumulative

energy demand, Freshwater

depletion, Marine eutrophication,
Photochemical oxidant
formation, Freshwater
eutrophication, Ecosystems,
Human toxicity, Ecotoxicity

Climate change

Climate change, Ozone
depletion, lonising radiation,
Photochemical ozone formation,
Respiratory inorganics, Non-
cancer and cancer human health
effects, Acidification,
Eutrophication, Ecotoxicity,
Land use, Water scarcity,
Resource use
Carcinogens, Breathing inorganic
particles, Organic particles
breathing, Climate change,
Radiation, Depletion of the ozone
layer, Ecotoxicity,
Acidification/eutrophication,
Land and mineral use

No mention found

Climate change, Ozone
depletion, Terrestrial
acidification, Freshwater
eutrophication, Marine
eutrophication, Human toxicity,
Photochemical oxidant
formation, Ecotoxicity, Land
occupation, Water depletion,
Cumulative energy demand
Climate change, Acidification,

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]
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cheese chain northeast Italy manuscript: Eutrophication, Water use, Land
Cradle-to- use, Energy usage, Ozone
farm gate, depletion, Toxicity,
Cradle-to- Photochemical oxidant
dairy plant formation, Ecotoxicity, Land
gate, Cradle- occupation
to-grave
Climate change, Terrestrial
acidification, Freshwater
Buffalo mozzarella Ital Cradle-to- eutrophication, Marine [30]
cheese y grave eutrophication, Ozone depletion,
Ecotoxicity, Human toxicity,
Land use, Fossil depletion
Chee_se production No mention Human health, Ecosystem,
focusing on energy New Zealand f - . [31]
- ound Resources, Energy intensity
transition
Cheese production . Human Health — Photochemical
. No mention . . .
comparing energy New Zealand found Oxidant Formation potential [32]
sources impact
Climate change, Freshwater
. Lanzo valleys, eutrophication, Marine
Tomshtglesl_eanzo Piedmont, Crz;lssaei]to— eutrophication, Natural land [33]
Northwest Italy transformation, Water depletion,
Fossil depletion
Finland
(Toholampi, Cradle-to- Global warming, Eutrophication,
Emmental cheese Ostrobothnian retail Acidification [34]
region)
Cheese production . .
with biogas No mention No mention Climate change [35]
. : found found
integration
3.2 Diversification of Impact Categories been  examined in  multiple  studies.

The diversification of impact categories in LCA
studies pertaining to cheese production signifies
a noteworthy advancement in environmental
assessment methodologies. Traditionally,
researches predominantly concentrated on
climate change, global warming potential,
energy consumption, and fundamental resource
utilization. In contrast, contemporary studies
now encompass a wider array of environmental
indicators, thereby facilitating a more
comprehensive evaluation of the ecological
footprint associated with cheese production.The
impact categories most frequently assessed
include climate change (20  studies),
eutrophication (19 studies), acidification (12
studies), and water-related impacts (11 studies).
Moreover, air quality, toxicity, land use,
resource depletion, and ozone depletion have

Comprehensive assessments, such as those
conducted by Canellada et al. (2018) [16] and
Lovarelli et al. (2022) [25], have broadened the
scope to include up to 18 impact categories,
addressing dimensions such as human health,
ecosystem impacts, and resource utilization.
Additionally, specialized categories, including
biodiversity  loss, photochemical oxidant
formation, ionizing radiation, and particulate
matter formation, have emerged in recent
research.

3.3 Evolution of Life Cycle Assessment (LCA)
Methodologies

The evolution of LCA methodologies in cheese
production can be traced through distinct
periods of development. Early studies (table 2)
from 2003-2013 primarily concentrated on
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fundamental environmental impacts such as
global warming potential, eutrophification, and
acidification, adhering to ISO 14040/14044
standards. The field expanded between 2014-
2018 to include broader considerations such as
water use, land use, and resource depletion,
while incorporating the ReCiPe Midpoint

method. The most recent period (2019-2024)
has seen further sophistication with the
integration of cumulative energy demand and
the adoption of the Product Environmental
Footprint (PEF) method, enabling more
comprehensive assessment of impacts on human
health and ecosystem quality.

Table 2. Progression in life cycle assessment (LCA) methodologies and standards over three time

periods
Time period Key methodological Impact Standards Used
advances categories
2003-2013 Focus on global warming Limited range of  1SO 14040/14044
potential, eutrophication, impact
acidification categories
2014-2018 Inclusion of water use, land Expanded range 1ISO
use, resource depletion of impact 14040/14044,
categories ReCiPe Midpoint
method
2019-2024 Integration of cumulative Product
exergy demand, more Environmental
comprehensive impact Wide range Footprint (PEF)
assessments including human method
health,
ecosystem
quality

This methodological progression is reflected in
the diversity of studies conducted across
different regions and production scales.
Research has spanned multiple geographical
contexts, from European studies focusing on
Protected Designation of Origin cheeses [18] to
analyses of industrial-scale production in the
United States [23]. The scope has encompassed
various production scales, from traditional
small-scale operations [16] to large industrial
facilities [19], providing a comprehensive
understanding of environmental impacts across
different production contexts.The advancement
in LCA methodologies has enabled more
nuanced analysis of environmental impacts,
supporting the industry’s transition toward more

sustainable practices. Modern assessments now
provide detailed insights into various aspects of
cheese production, from raw milk production to
processing operations and waste management,
facilitating more targeted and effective
environmental improvement strategies [36].

3.4 Environmental Impact Analysis

Table 3 presents a comprehensive breakdown of
environmental impacts across different phases
of cheese production, from milk production to
final distribution. This analysis synthesizes
findings from multiple LCA studies to quantify
and characterize the environmental burden of
each production phase.
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Table 3. Environmental impacts across cheese production phases and their key contributors

Production phase

Primary impacts

Range of values

Key contributors

Milk Production

Cheese Processing

Packaging

Climate change, Land

use, Water use,
Eutrophication

Energy use, Water
consumption,
Wastewater
generation
Land occupation,
Resource depletion

6.2-17.5 kg CO2
eq/kg cheese, 93.5-
99.6% of total
impact

7.1-19 MJ/kg
cheese, 28.3% of
climate change
impact
No mention found in
most studies

Enteric
fermentation,
Manure
management, Feed
production

Pasteurization,
Refrigeration,
Cleaning processes
Material production,
Disposal

Transportation

Climate change,

Photochemical
oxidant formation

Whey Management
reduction

Potential impact

22.5% of climate
change impact

Fuel consumption,
Distance traveled

Upto 1.7 kg CO2
eqg/kg cheese
reduction

Whey utilization as
animal feed or other
products

The assessment reveals that milk production
generates the most significant environmental
impact, accounting for 93.5-99.6% of total
impacts in some studies [23]. The cheese
processing phase contributes notably
through energy use and water consumption,
with studies showing energy impacts of 7.1-
19 MJ/kg cheese and accounting for 28.3%
of climate change impact [14], [15], [16],
[24]. Transportation also emerges as a
significant contributor, responsible for up to
22.5% of climate change impacts [24], [29].
Notably, the analysis identifies potential
impact reductions through improved whey
management,  which  could  decrease
emissions by up to 1.7 kg CO2 eqg/kg cheese
[16]. This detailed breakdown of impacts
across the production chain provides
valuable insights for identifying
environmental hotspots and developing
targeted mitigation strategies in cheese
manufacturing processes.

3.5 Allocation methods

Allocation methods play a key role in Life
Cycle Assessment (LCA) studies in cheese
production, having a significant impact on
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the distribution of environmental effects
between different co-products such as
cheese, whey and cream.

The choice of the allocation method can
substantially influence the results obtained,
with studies indicating that climate change
impacts can range from 6 to 13 kg CO2

equivalent per kilogram of cheese,
depending on the allocation approach
applied [29].

Table 4 shows the allocation methods used
in various studies in the field of LCA
research of cheese production. Common
approaches include allocation based on dry
matter content, economic value and nutrient
content, with some studies using multiple
methods to assess the sensitivity of the
results [14].

More sophisticated approaches combine
subdivision with different allocation ratios
to improve accuracy [11].

Also, the biophysical method recommended
by the [37] has been adopted, in particular
for allocating impacts between milk and
meat at the farm level [25].
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Table 4 - Allocation methods in cheese production life cycle assessment studies

Allocation method(s) Note Source
Multiple methods: subdivision,
allocation ratios (total solids, Combination method preferred [11]
nutritional content, economic for accuracy
value)
Results varied: 10.3 kg CO; eq
Dry matter content, economic (dry matter), 16.9 kg CO, eq [14]
value, nutritive value (economic), 15.2 kg CO, eq
(nutritive)
M | .
ass balance based on dry matter Used for cheese/whey allocation [15]
content
Based on nutritional content;
Substitution method whey considered as “fodder [16]
avoided”
Dry matter basis No sensitivity analyses mentioned [18]
. . Used for raw milk, materials, and
Economic allocation [28]
energy flows
Economic value, dry matter Strong effect on impacts reported [22]
Mass of milk solids, revenue- Including plant-level engineering 23]
based assessments
Biophysical method (IDF), Different methods for farm and [25]
Physical method (dry matter) factory level
Multipl hods: milk soli . .
u tlp_ e methods m|_ solids, Climate change impacts ranged 6-
economic, fat and protein content, [29]
. 13 kg CO, eqg/kg
no-allocation
. . Factor: 0.87 for cheese, 0.13 for
Economic allocation [33]

other outputs

The most common allocation methods were dry
matter content-based allocation, economic
value-based allocation, nutritional content-based
allocation and mass-based allocation. Some
studies used multiple methods to compare
results and assess sensitivity, showing that the
choice of allocation method can significantly
affect the calculated environmental impacts.

The selection of allocation method plays a
crucial role in determining environmental
impact calculations. Climate change impacts can
fluctuate by as much as 50%, ranging from 6 to
13 kg CO2 equivalents per kilogram, depending
on the chosen allocation method. Typically,
economic allocation methods lead to higher

environmental impacts compared to mass-based
approaches

There is a clear shift towards standardized
approaches, especially in studies focused on
Protected Designation of Origin (PDQO) cheeses.
An increasing emphasis is being placed on
sensitivity analyses to evaluate the outcomes of
different allocation methods. Additionally, there
is a growing recognition of the importance of
transparent reporting of allocation choices.
Furthermore, combined approaches that
integrate multiple allocation methods are being
developed to enhance the accuracy and
robustness of environmental impact
assessments.
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Emerging best practices in cheese production
impact assessments include using multiple
allocation methods to test result sensitivity,
documenting  choices  transparently, and
considering  product-specific  characteristics.
Applying standardized methods, like those from
the IDF, enhances consistency and improves the
accuracy of environmental impact assessments.

4. Conclusion

Over the past decade, research on Life Cycle
Assessment (LCA) within the cheese industry
has undergone significant evolution,
demonstrating an increasing focus on
specificity, comprehensiveness, and broader
environmental considerations. There has been a
heightened emphasis on specific cheese
varieties, particularly those designated with
Protected Designation of Origin (PDO) status,
which underscores the distinctive production
processes and regional influences that affect
environmental  impact.  Furthermore, the
geographic scope of studies has broadened to
include a more diverse array of cheese-
producing  regions across the  globe.
Methodologically, there is a distinct trend
towards more comprehensive LCA frameworks,
encompassing both cradle-to-gate and cradle-to-
grave assessments, which facilitate a more
holistic evaluation of environmental burdens.
Researchers are also  expanding their
consideration of various environmental impact
categories, moving beyond conventional metrics
such as carbon footprint to incorporate water-
related impacts and resource depletion. This
transition reflects an increasing recognition of
the complex sustainability challenges associated
with cheese production.

The expansion of impact categories Yyields
several advantages, including a more detailed
environmental assessment, enhanced
understanding of trade-offs among various
sustainability concerns, and more informed
decision-making regarding mitigation strategies.
Furthermore, certain studies have integrated
region-specific impact categories to more
effectively  tackle  local  environmental
challenges. This diversification highlights the
increasing acknowledgment of the intricate
environmental ~ ramifications  of  cheese

production and reflects the ongoing transition
towards more inclusive and  precise
sustainability assessments.

The reviewed studies suggest a trend towards
more comprehensive, standardized and context-
specific assessments in LCAs for cheese
production. However, they also highlight the
complexities of conducting LCAs in this sector
and the ongoing challenges in ensuring
comparability and consistency across studies
The diversity of allocation methods observed in
the literature highlights the complexity of
environmental impact assessment in cheese
production. While this variety allows for
context-specific approaches, it also underscores
the need for greater standardization to improve
comparability across studies. Future research
would benefit from continued development of
standardized allocation approaches that can
accommodate the unique characteristics of
different cheese production systems while
maintaining comparability across studies.
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