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Abstract

Purpose Cheese is one of the world’s most widely consumed
dairy products and its popularity is ever growing. However, as
concerns for the environmental impact of industries increase,
products like cheese, which have a significant environmental
impact, may lose their popularity. A commonly used tech-
nique to assess the environmental impact of a product is life
cycle assessment (LCA). In this paper, a state-of-the-art re-
view of LCA studies on the environmental impact of cheese
production is presented.

Methods Sixteen LCA studies, which explored the impact
from the production of a variety of cheese types (fresh,
mature and semi-hard) were examined and discussed. The
four stages of the LCA were examined and the range of results
of selected environmental impact categories (global warming
potential, acidification potential and eutrophication potential)
were detailed and discussed.

Results and discussion For each of these environmental
impact categories, raw milk production was consistently
found to be the most significant contributor to the total
impact, which was followed by processing. It was found
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that allocation between cheese and its by-products was
crucial in determining the impact of cheese production
and standardisation or guidelines may be needed. Very
little information relating to wastewater treatment system
and processes were reported and this leads to inaccurate
environmental impact modelling relating to these aspects
of the manufacture of cheese. Very few studies included
the design of packaging in terms of reducing food waste,
which may significantly contribute to the overall environ-
mental impact.

Conclusions As raw milk production was found to have the
greatest contribution to environmental impact, mitigation
strategies at farm-level, particularly in relation to enteric fer-
mentation and manure management, need to be implemented.
Additionally, based on the literature, there is a suggestion that
fresh cheese has less of an environmental impact than semi-
hard cheeses, particularly when examining direct energy con-
sumption. However, there needs to be more case studies in-
vestigated to justify this statement.

Keywords Acidification potential - Cheese - Dairy -
Eutrophication potential - Global warming potential - Life
cycle assessment - Milk processing - Review

1 Introduction

The European Union (EU) is the largest producer of cheese in
the world with 9.5 million tonnes in 2015, followed by the
USA with 5.4 million tonnes (Eurostat 2017). A breakdown of
the main cheese producers in the EU is shown in Fig. 1. In
April 2015, the milk quota system in the EU was abolished,
which instigated an increase in milk production as well as
production of dairy products. Cheese is the main dairy product
in Europe, utilising 36% of milk produced in 2015 (Eurostat
2017). In 2016, total cheese production from 28 member
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Fig. 1 Summary of cheese production in the EU during 2014, 2015 and 2016, in ‘000 tonnes. (data obtained from CLAL (2017))

countries in Europe increased by 1.8% compared with 2015,
which was in turn an increase of 1.6% on 2014 (CLAL 2017).
This is likely to continue given the continuous increase of
milk production and the projected global demand for dairy
products in developing countries (FAO 2016), which may be
sourced from EU countries. In the meantime, however, it is
important to understand the environmental effect of the grow-
ing cheese production industry so as to make sure that the
growth does not cause deterioration of the environment.

Life cycle assessment (LCA) is a holistic analysis tech-
nique that is used to assess the environmental impact of prod-
ucts or services (ISO 2006a). LCA was first used in the 1960s
(Hunt and Franklin 1996), but developed quickly since the
1990s after standardisation (i.e. the International Standards
Organization (ISO) 14000 series (ISO 2006a, b)). The four
LCA phases standardised by ISO are as follows:

* Goal and scope definition

» Life cycle inventory (LCI) analysis

» Life cycle impact assessment (LCIA)
* Interpretation of results

The first LCA studies relating to dairy products were com-
piled in the early 2000s on cheese (Berlin 2002) and fluid milk
production (Eide 2002; Hospido et al. 2003). To date, various
LCA case studies have been performed on cheese production.
For example, Gonzalez-Garcia et al. (2013a) analysed the en-
vironmental impact of the traditional Galician cheese in Spain
using plant specific data. Sheane et al. (2011) analysed the
greenhouse gas emissions of the Scottish dairy supply chain
using regional data and Aguirre-Villegas et al. (2012) investi-
gated the methodological issue of allocation in LCA of cheese
and whey production in Wisconsin. Milani et al. (2011)
reviewed the environmental impact of dairy processing and
products. Though, their review mainly reported the details
from LCA studies relating to raw milk production.
Additionally, other reviews of LCA studies relating to the
dairy sector primarily focuses on raw milk production on
farms (e.g. Baldini et al. (2017), Crosson et al. (2011),
Fantin et al. (2012) and Yan et al. (2011)).

@ Springer

In this paper, a state-of-the-art review of LCA-based stud-
ies relating to the manufacture of cheese was performed. The
main objective of the review was to establish the current
knowledge gaps and weaknesses and the potential for future
work in this area. The LCI was assessed based on data quality
and the LCIA results for global warming potential (GWP),
acidification potential (AP) and eutrophication potential (EP)
have been summarised and discussed.

2 Methods

In order to complete this state-of-the-art review, 16 published
LCA studies have been selected. These studies explored the
impacts from the production of a variety of cheese types,
including fresh, mature and semi-hard cheeses in the USA,
Canada and a number of EU countries. A summary of these
reviewed studies is presented in Table 1. In order to discuss the
main findings from the review in a structured manner, the
Results section is broken down into the four phases for
LCA. Recently, the FIL-IDF released a LCA methodology
(FIL-IDF 2015) for analysing the carbon footprint of the dairy
sector, which provides a standardised method for performing
these types of LCAs.

3 Results
3.1 Goal and scope
3.1.1 Functional unit

The functional unit (FU) advised by FIL-IDF (2015) is 1 kg of
product, with x% fat and y% protein depending on the prod-
uct, packaged at the dairy factory. Of the 16 studies reviewed,
14 studies used 1 kg of packaged cheese product as the FU
(Table 1). The others used slightly different mass units (grams
and tonnes). Only five studies specified the characteristics of
cheese including dry solids, fat and protein content (Aguirre-
Villegas et al. 2012; Kim et al. 2013; Palmieri et al. 2017; van
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Environmental impact categories

Table 1 (continued)
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Berlin (2002)

ADP abiotic depletion potential, AP acidification potential, CED cumulative energy demand, EC energy consumption, £P eutrophication potential, D freshwater depletion (FD), GWP global warming

potential, /7 human toxicity, LC land competition, OLD ozone layer depletion, POCP photochemical ozone creation potentials, POFP photo-oxidants formation potential, WC water consumption

Middelaar et al. 2011; Vergé et al. 2013). Given the large
variety of cheese products and characteristics (for example,
protein content can vary from 15 to 25%), it is necessary to
include specifications (e.g. moisture content, fat and protein
content) into the description of FU.

3.1.2 System boundaries

A schematic of the various stages in the life cycle of cheese
production, along with two commonly used boundaries, is
shown in Fig. 2. Packaging is given a separate life cycle stage,
even though it takes place within the processing factory, as
some studies have omitted packaging of the final product.
Also, it is important to note that dairy processing includes
the dairy wastewater treatment system. The letters A to H
are used to indicate the different life cycle stages that make
up the system boundaries of the 16 studies listed in Table 1.
The most commonly used system boundary (8 out of 16 stud-
ies) is the cradle-to-processing factory gate, which includes
feed production, raw milk production, raw milk transporta-
tion, dairy processing and packaging, and is illustrated in
Fig. 2 (A-E). However, five of the studies reviewed include
life cycle stages downstream of the processing factory gate.
The contribution of each life cycle stage to the total impact is
discussed further in Section 3.3.

3.1.3 Allocation between products

As recommended by ISO 14044 (ISO 2006b), input and emis-
sions associated with a specific product should be allocated to
that product as much as possible by sub dividing the system.
However, this is very difficult in the case of cheese production,
where substantial unit processes are shared between cheese and
the by-products, liquid whey and whey cream (Fig. 3).

ISO 14044 (ISO 2006b) recommended that if sub dividing
the system is not possible, the next option in the hierarchy
should be system expansion, which means to include the
avoided production of liquid whey and associated whey cream
from other systems. Since liquid whey is only produced from
either cheese or casein production (both as by-products), and
the two types of whey have different characteristics and, there-
fore, cannot substitute each other, system expansion is not
appropriate in this case. The next option is to allocate in such
a way that reflects the underlying physical relationships be-
tween co-products. FIL-IDF (2015) advised that this should
be carried out on a dry solids basis (mass allocation using dry
weight). When input and emissions statistics are only known
on a whole factory basis, FIL-IDF (2010) had, previously,
advised the use of a physico-chemical allocation matrix,
which has been developed by Feitz et al. (2007) specifically
for the dairy industry. However, in the updated FIL-IDF report
(2015), engineering estimates for allocation of resources and
emissions and, where necessary, energy allocation on a dry
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Fig. 2 Boundaries and stages of Cradle-to-grave

the life cycle of dairy products.
The letters A to H indicate the
stages for different system

Cradle-to-processing factory gate

boundaries used in Table 1. Two | i
system boundaries, cradle-to- : A: Feed B: Raw milk C: Raw milk D: Dairy |
grave (indicated by the stages ' ) ) ) ) I
enclosed by a solid black line) and ! production production transportation processing :
cradle-to-processing factory gate ) :
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by a dashed grey line), have been I A :
included | :
G:Retail 1 . :

H: Disposal [« / F: Distribution [¢= E: Packaging .

consumption I I

! 1

1 I

I I

1 I

1 I

solids basis is advised. Therefore, according to the FIL-IDF,
this is the most appropriate allocation method to employ
where the required information is not available.

Depending on the processing technology on site, the liquid
whey may be directly discharged to effluent treatment plant
(Gonzalez-Garcia et al. 2013a), land spread as waste (the
SSINGLE-O scenario in Aguirre-Villegas et al. 2012), or
processed into whey powder (Kim et al. 2013) and whey
cream (Aguirre-Villegas et al. (2012)). The resulting alloca-
tion factor to cheese varied from 50 to 100% of on-site im-
pacts (Table 2). In addition, cheese production can also take
place in multi-product dairy processing where other products
such as butter and yoghurt are produced (Flysjo et al. 2014)
and further allocation in overheads is needed. It was, there-
fore, not surprising that Aguirre-Villegas et al. (2012) found
that the allocation method has a significant effect on the re-
sults, where the global warming potential associated with pro-
cessing cheese varied from 0.46 to 1.3 kg CO, eq./kg, and
energy intensity varied from 7.1 to 19.5 MJ/kg.

Fig. 3 Common and unique Whey cream processes

3.2 Life cycle inventory

FIL-IDF (2015) outlined all significant process steps taken in
the manufacturing of a dairy product and the emissions that
should be included in the LCI. The document (FIL-IDF 2015)
outlines the nesessary process, inputs and emissions that
should be included in each system boundary for both the
raw milk production and processing.

The LCI is usually compiled from data obtained from
industry. Of the 16 studies reviewed, 7 used data from one
dairy processing plant and 4 studies used data from seven
or more dairy processing plants. The remainder obtained
data from either a dairy company with production sites
across several countries, or industry level data from a re-
gion or from previously published literature. The main el-
ements of the LCI are detailed in the following sub-sec-
tions, which include raw milk production and transporta-
tion, energy usage, water consumption, wastewater treat-
ment, packaging of products and chemical consumption.
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Summary of literature results on energy consumption of cheese production at the dairy processing factory, MJ per kilogram cheese

Table 2

@ Springer

Cheese type

WWTP  Total (MJ per kg LCIA method Allocation

Packaging Storage Material

Cheese

cheese)

inputs

processing

No allocation, all impact at factory Semi-hard

CED

26.69

2.81

Gonzalez-Garcia et al. (2013a) 23.88

allocated to cheese
Economic allocation at dairy factory,

Semi-hard

CED

30.79

Gonzalez-Garcia et al. (2013b)

93% to cheese
Sub division and economic allocation on site

Semi-hard (cheddar)

Sub division and economic allocation on site  Fresh cheese (mozzarella)

Allocation varied between 50 and 100%

Economic allocation at dairy factory,

CED
CED
EI

9.89

1.23
1.56

8.66

Kim et al. (2013)
Kim et al. (2013)

12.10
7.1-19.5

10.54

Semi-hard (cheddar)

Semi-hard

Aguirre-Villegas et al. (2012)
van Middelaar et al. (2011)

CED

13.85

3.38 4.46

6.01

76% to cheese
Economic allocation at dairy factory,

Semi-hard

8.64 Not clear

0.17

1.77

6.70

Berlin (2002)

67.8% to cheese

CED cumulative energy demand, E7 energy intensity, WWTP wastewater treatment plant

3.2.1 Raw milk production and transportation

The volume of raw milk required for the production of cheese
was included in 12 studies and ranges from 1.5 to 11 L of raw
milk per kilogram of cheese produced. However, the majority
of'these studies reported volumes of raw milk between 5.7 and
10.1 L per kilogram cheese, which is evident from Table 3.
The volume of raw milk required to produce cheese is mainly
dependant on the allocation method used, which is discussed
in Section 3.1.3, and the type of cheese and, to a lesser degree
of significance, the efficiency of usage of raw milk within the
processing plant. For example, cheddar cheese, which has
approximately 64% milk solids (Feitz et al. 2007), requires
more raw milk than mozzarella cheese, which has approxi-
mately 51% milk solids (Kim et al. 2013).

Raw milk transportation varies widely as it is dependent on
the distance of the dairy farms (raw milk suppliers) from the
dairy processing factories, which is evident from the five stud-
ies reviewed that specify the average raw milk transportation
distances that ranges from 65 to 200 km (Table 3). However,
Ulrich et al. (2013) found that the average round trip distance
was 850 km from analysing approximately 30,000 milk col-
lection routes in the USA.

To reduce the transportation costs of raw milk to dairy
processing, it has been suggested that concentration and sep-
aration of raw milk can be performed on the farm (Garcia and
Medina 1988). A recent study (Colombi 2016) also investi-
gated the real-time milk classification technology for
optimised milk use and cheese production. More research is
needed to quantify potential benefits of these activities from
the life cycle point of view.

3.2.2 Energy consumption

Large variations in energy consumption of cheese production
have been reported. For example, fresh cheese (mozzarella)
was found to consume less energy than semi-hard cheeses,
and most of the on-site energy was in the form of thermal
energy with notable exceptions from one study (Fig. 4). This
was also highly dependent on the allocation procedure used,
as suggested by Aguirre-Villegas et al. (2012). During the
multifunctional cheese production where cheddar cheese,
dry whey and whey cream are produced, the largest energy
consumption was found to be milk pasteurisation (30%),
followed by whey evaporation (17%) and whey drying
(16%), while the actual cheese-making process (cheese-
making vats and cheddaring) only consumed 2.5% (refer to
Table 5 of Aguirre-Villegas et al. (2012)). Using the data re-
ported in Aguirre-Villegas et al. (2012), Briam et al. (2015)
derived energy intensities for cheese and whey and compared
a number of allocation methods.

The energy consumption for cheese production at the dairy
processing factory is given in Table 2. For the majority of
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Table3  Summary of the reported volume of raw milk required (in L per FU) and the transportation distances (in km) from the dairy farm to processing

plant

Study Product FU Raw milk (L per FU) Transportation (km)
Palmieri et al. (2017) Mozzarella cheese 123 g mozzarella cheese 1

Santos et al. (2017) Cheese (Fat: 25%) 1 kg of product 7.74 65
Finnegan et al. (2017a) Cheese 1 kg product 5.7% 79
Broekema and Kramer (2014) Semi-cured Gouda cheese 1 kg packaged product 9°?

Doublet et al. (2013) Fresh cheese 1 kg dairy product 1.53

Doublet et al. (2013) Soft cheese 1 kg dairy product 6.12

Gonzalez-Garcia et al. (2013a) Galician cheese 1 kg packaged cheese 11 200
Gonzalez-Garcia et al. (2013b) Mature cheese 1 kg mature cheese 8.24 160
Kim et al. (2013) Cheddar cheese 1 kg product (dry solid basis) 6.75

Kim et al. (2013) Mozzarella cheese 1 kg product (dry solid basis) 6.18

Vergé et al. (2013) Cheese 1 kg product 176
van Middelaar et al. (2011) Semi-hard cheese 1 kg cheese 9

Sheane et al. (2011) Cheese 1 kg product 9.84

Berlin (2002) Semi-hard cheese 1 kg Angsgarden cheese 10.1

* Calculated from paper

cases, the LCIA method employed was cumulative energy
demand (CED), and cheese processing tends to be the most
significant contributor to the overall energy consumption (i.e.
between 43 and 89%). However, from the data presented in
Table 2, energy consumption associated with packaging and
storage may also be significant. For example, these studies
estimated packaging to be between 12 and 24% of the total
energy consumption, while the study of van Middelaar et al.
(2011) estimated storage as 32% of the total energy consump-
tion. Aguirre-Villegas et al. (2012) reported that energy inten-
sity (EI) varied from 7.1 to 19.5 MJ per kilogram cheese,
depending on the allocation method employed.

Previously, the International Dairy Federation (FIL-IDF)
produced a report relating to energy usage in the dairy industry
(FIL-IDF 2005) and estimated that the largest energy use for
cheese production was in feed production (52%) followed by
retail/consumer (16%), milk processing (12%), dairy farm
(11%), distribution (8%) and raw milk transportation (1%).

Ramirez et al. (2006) presented a breakdown of direct energy
consumption during cheese, fluid milk, butter and milk
powder production in Dutch dairies in the year 2000 and
Finnegan et al. (2017b) reported direct electrical and thermal
energy consumption based on a survey of dairy processing
plants in the Republic of Ireland.

3.2.3 Water consumption

The dairy sector is one of the largest consumers of water globally
and it takes approximately 5000 L of water to produce 1 kg of
cheese (Mekonnen and Hoekstra 2012). Within the dairy pro-
cessing factories, the main reason for this is large volumes re-
quired for cleaning and washing up to keep the facility to the
required food production standards. Water is obtained from a
number of sources including groundwater, surface water (rivers
and lakes), public supply and recycled water. Rad and Lewis
(2014) reviewed water utilisation, energy utilisation and

Fig. 4 Summary of literature 25 .
results of on-site (dairy Semi-hard cheese Fresh cheese
processing factory) energy 20 L ) {
consumption of cheese
production, megajoules per P ® Thermal energy
kilogram cheese @15 -
Y .
<= M Electrical energy
:n
<
= 10
=3
5
0
Berlinetal.  Aguirre-Villegas Gonzalez-Garcia Gonzalez-Garcia Kim etal. (2013) Kimetal. (2013) Palmieri et al.
(2002) et al. (2012) et al. (2013a) et al. (2013b) [cheddar] [mozzarella] (2017)
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wastewater management in the dairy industry and presented a
summary of water consumption, which ranged from 0.48 to
58 L of water per kilogram milk processed based on data from
11 studies worldwide. This range is greater than the range 1.2—
33.6 L water per kilogram product that is reported in the nine
LCA studies for the manufacture of cheese products (Table 4).
In most instances, these values are measured data for water con-
sumption from processing plants, which has been allocated to the
cheese product under study. Table 4 provides benchmark values
for water consumption. In 2006, the European Commission pub-
lished a reference document, as part of the Integrated Pollution
Prevention and Control (IPPC) Directive, for best available tech-
niques in the food, drink and milk industries (EC 2006). Within
the document, a range for water consumption within European
dairies is given as 1-60 L water per kilogram milk processed for
cheese and whey production and within Nordic dairies as 1.2—
3.8 L water per litre milk processed for cheese and whey
production. No explanation is given in EC (2006) for the signif-
icant difference in the reported values for European dairies and
Nordic dairies. The published water consumption (Table 4) is
within the range of the European dairies, but higher than the
Nordic dairies (EC 2006). The report is currently being revised
with updated consumption rates and details for strategies to re-
duce water consumption within dairy factories.

3.2.4 Wastewater treatment

Large volumes of wastewater are generated at dairy processing
factories worldwide. This is mainly as a result of cleaning and
disinfection processes within the factory. In order to comply with
environmental regulations, mainly large-scale dairy processing
factories have an on-site wastewater treatment plant. From the
summary presented in Rad and Lewis (2014), the volume of
wastewater generated from cheese produced ranges from 0.6 to
50 L of wastewater per litre of milk processed. EC (2006) reported
that 0.7-60 L of dairy wastewater are generated for every kilo-
gram of milk processed in Europe, which is aligned with Rad and

Lewis (2014). Data from the reviewed studies that reported vol-
umes for wastewater generated are given in Table 4. Ifthese values
are converted to “per L of milk processed”, the reported values are
well within the ranges above. In one of the studies (Palmieri et al.
2017), where data on wastewater treatment was not available, data
fromthe Ecoinvent database (Weidemaetal. 2013) referring to the
wastewater treatment plant for whey disposal was used. In many
ofthe LCA studies reviewed, very little information relating to the
types of wastewater treatment system and processes was provid-
ed. This information is vital as, not only the volume, but also the
composition of dairy wastewater is highly variable. For example,
for cheese production, the chemical oxygen demand (COD) has
been reported in one study as < 3000 mg/L, while it is given as
365,000 mg/L in another (Rad and Lewis 2014). Therefore, it
would be more accurate to use site-specific data when estimating
the impacts from the wastewater treatment system.

3.2.5 Packaging, chemicals and cleaning-in-place

Packaging can have a significant effect on the environmental
impact of the dairy processing plant. However, this is depen-
dent on the type and quantity of packaging used and disposal
scenarios. Meneses et al. (2012) investigated the effect of
packaging selection and its disposal on the LCA of fluid milk
for global warming potential and acidification potential and
found that larger aseptic carton packages always have lower
environmental impact than smaller ones for the same amount
ofliquid, and recycling has a lower environmental impact than
disposal in landfills or incineration plants, for all materials and
sizes compared. Limited data has been reported on the pack-
aging used for cheese production and very few studies includ-
ed the waste management of consumer packaging (Table 5).
Flysjo et al. (2014) found that packaging contribution to the
carbon footprint of cheese was minimum when the system
boundary was set from farm to wholesale or retailer. When
studying the carbon footprint of butter with the system bound-
ary from farm to consumer including waste management,

Table4 Summary of reported volumes of water consumed per FU and wastewater generated per FU, which has been allocated to the cheese product

under study, within the LCA studies considered

Study Product FU L water per FU L wastewater per FU
Palmieri et al. (2017) Mozzarella cheese 123 g mozzarella cheese 2.23

Santos et al. (2017) Cheese (fat, 25%) 1 kg of product 13 13

Finnegan et al. (2017a) Cheddar cheese 1 kg product 27.1

Djekic et al. (2014) Cheese 1 kg product 9.8-33.63 5.36-33.63
Gonzalez-Garcia et al. (2013a) Galician cheese 1 kg packaged cheese 6.71 13.4
Gonzalez-Garcia et al. (2013b) Mature cheese (fat, 52%) 1 kg mature cheese 23

Kim et al. (2013) Cheddar cheese 1 ton product (dry solid basis, 63.2%) 10,860 15,100

Kim et al. (2013) Mozzarella cheese 1 ton product (dry solid basis, 51.4%) 18,620 15,500

Berlin (2002) Semi-hard cheese 1 kg Angsgarden cheese (fat, 26%) 1.2
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Table 5 Summary of reported packaging materials in the reviewed studies, gram per kilogram cheese
PE film Cardboard Plastics Wrapping Flat pallet Plywood,
paper 640 boxes
Gonzalez-Garcia et al. (2013a) 112
Gonzalez-Garcia et al. (2013b) 115 15
Kim et al. (2013) 5.98 48.8 1.95 10.5
Aguirre-Villegas et al. (2012) 10 26.2
van Middelaar et al. (2011) 17.5 15
Berlin (2002) 25.6 9.6
PE polyethylene

Flysj6 (2012) pointed out that size and type of packaging were
less important than the ingredients (fat and veg oil), but it is
crucial to have the correct size and type of packaging to avoid
product losses at the consumer. It is likely that packaging on
its own (production, transportation, waste management) may
not be a significant contributor to the environmental impact of
cheese products, but the design of packaging in terms of re-
ducing food waste may be more important.

Limited data has been reported on the chemicals used for
cheese production (Table 6). Sodium hydroxide and nitric acid
was the most commonly reported chemicals, but the concen-
tration is not always reported, resulting in apparently large
variations in the literature.

The effect of cleaning-in-place (CIP) on dairy production
has been found to be important. Eide (2002) compared four
CIP methods for dairies using LCA and found that milk res-
idues flushed out in the rinsing phase were the main contrib-
utors to eutrophication, but the phosphorus and nitrogen in the
detergents also influenced the results. No study has been con-
ducted on CIP contribution to cheese production. It may be
necessary to conduct such studies given the large variety of
cheese products and associated processing pathways.

3.3 Life cycle impact assessment

All 16 studies (Table 1) evaluated the GWP associated with cheese
production, while 9 of them explored the EP, 8 investigated the AP

and 5 investigated CED. The results from these analyses will be
compared at each stage of the product’s life cycle.

3.3.1 Global warming potential

A summary of the reported values of GWP associated with the
production of cheese products is presented in Table 7 and
summarised graphically in Fig. 5, where a comparison for studies
that evaluate semi-hard cheese is presented in Fig. 5a and fresh
and soft cheese in Fig. 5b. GWP has been calculated using the
IPCC guidelines. However, as these guidelines are revised regu-
larly, the same GWP factors were notused in all cases but, in most
cases, the mostupdate version was used. For example, Gonzalez-
Garciaetal. (2013a) and Finnegan etal. (2017a) use the 2001 and
2007 IPPC GWP guidelines, respectively. In the 2007 IPPC
GWP guidelines, the GWP factors for 100-year time horizon
are given as 25 for methane (CH,4) and 298 for nitrous oxide
(N,O). However, in the most recent IPCC report (Stocker et al.
2013),the 2013 IPCC GWP factors for 100-year time horizon are
given as 28 for CH,4 and 265 for N,O.

Itis evident from Fig. 5 that, for the 12 studies that include
the impact from raw milk production, the most significant
contributor to the total GWP (from cradle-to-processing fac-
tory gate) israw milk production, which accounts for approx-
imately 79-95% for all but one study (fresh cheese in
Doublet et al. (2013)). The reason for this is Doublet et al.
(2013) reported 1.53 L of raw milk per kilogram of fresh

Table 6 Summary of reported chemicals in the reviewed studies, gram per kilogram cheese

NaOH HNO; NaClO KOH Composed cleaning liquid Detergent
Gonzalez-Garcia et al. (2013a) 532 1.1 6.4 0.0104
Gonzalez-Garcia et al. (2013b) 101 37
Kim et al. (2013) 13.2 (50%) 4.23 (50%) 0.256
Aguirre-Villegas et al. (2012) 11 (49%) 8 (62%)
van Middelaar et al. (2011) 16.4 0.0003 1 0.24
Berlin (2002) 10.8 (49%) 7.4 (62%)

Numbers in brackets refer to the concentration stated in literature

NaOH sodium hydroxide, HNOj nitric acid, NaCIO sodium hypochlorite, KOH potassium hydroxide
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Table7  Summary ofreported values of global warming potential (GWP), in kilogram CO; eq. per functional unit (FU), associated with each of the life

cycle stages in the production of cheese products

Study Product FU RMP RMT Processing Packaging Total Post
D) dairy

Santos et al. (2017) Cheese 1 kg product 14.447

Finnegan et al. (2017a) Cheese 1 kg product 6.709 0.03 0.464 7203

Broekema and Kramer (2014) Semi-cured Gouda cheese 1 kg packaged product 7.56 0.59* 0.05 82 0.48

Djekic et al. (2014) Cheese 1 kg product 6.73-9.47

Flysjo et al. (2014) Cheese 1 kg product 6°  0.09° 027° 0.05° 6.5

Doublet et al. (2013) Fresh cheese 1 kg dairy product 1.62° 1.62%°¢ 324

Doublet et al. (2013) Soft cheese 1 kg dairy product 6.52° 1.24%¢ 7.76

Gonzalez-Garcia et al. (2013a) Galician cheese 1 kg packaged cheese 8.52 1.92¢9 10.44

Gonzalez-Garcia et al. (2013b) Mature cheese 1 kg mature cheese 6.14° 1.35%¢d 7.49

Kim et al. (2013) Cheddar cheese 1 ton product (dry solid basis) 9940 97.2 1090 123 11,250 2187

Kim et al. (2013) Mozzarella cheese 1 ton product (dry solid basis) 9100 150 2020 209 11,479 2743

Vergé et al. (2013) Cheese 1 kg product 53

Aguirre-Villegas et al. (2012)  Semi-hard cheese 1 kg cheddar cheese 0.89

van Middelaar et al. (2011) Semi-hard cheese 1 kg cheese 7.52 0.59 0.38 8.49 0.02

Sheane et al. (2011) Cheese 1 kg product 99 0.1 02 0.3 10.5 0.7

Berlin (2002) Semi-hard cheese 1 kg Angsgarden cheese 8.3 0.386 0.048 8.734 0.06

Includes storage/curing
® Calculated from paper

¢ Includes packaging; raw milk production (RMP); raw milk transportation (RMT)

9Includes raw milk transportation

cheese, which is much less than that of Kim et al. (2013) of
approximately 3.17 L per kilogram fresh cheese (Table 3).
The second largest contributor to the total GWP is processing
of raw milk into cheese, which accounts for approximately
2—18% for all but one study (fresh cheese in Doublet et al.
(2013)). The input/emission that drives the GWP in the pro-
cessing life cycle stage is energy usage within the processing
factory. The accurate modelling and allocation of energy us-
ageis vital in order to accurately estimate the GWP in this life
cycle stage. For semi-hard cheese, the study with the highest
GWP is Gonzalez-Garcia et al. (2013b) where no allocation
is used, as detailed in Table 2. Again, for semi-hard cheese,
the study with the highest total is Santos et al. (2017) and this
total is driven by GWP associated with raw milk, which ac-
counts for 83% of the total. Therefore, when examining the
GWP associated with the production of cheese, it is essential
to include both the impact from raw milk production and
processing. It is also important to note that downstream life
cycle stages may also have a significant contribution to the
GWP, which can be seen in the cradle-to-grave study by Kim
etal. (2013). The studies in Fig. 5 are ordered from semi-hard
to fresh cheeses. However, since there is only one study ex-
amining soft cheese, two studies examining fresh cheese and
the remainder examining semi-hard cheese, there is not
enough information to accurately say if the type of cheese
affects GWP.

@ Springer

3.3.2 Acidification potential

A summary of the reported values of AP of cheese products is
presented in Table 8, which are also shown graphically in Fig. 6.
All studies were found to use kilogram SO, eq. to characterise AP
using standardised characteristic factors, where factors from ei-
ther the ReCiPe Midpoint method (used by Santos et al. (2017))
or the CML method (used by Berlin (2002), Gonzalez-Garcia
etal. (2013a) and Gonzalez-Garciaetal. (2013b)) were employed
rather than regional specific AP characteristic factors. However,
it is important to understand that AP varies significantly across
regions and using standardised characteristic factors may be mis-
leading (Seppéla et al. 2006). Similar to GWP, the most signifi-
cant contributor to the total AP (from cradle-to-processing facto-
ry gate) is raw milk production, which accounts for approximate-
ly 88-99% (Fig. 6). Therefore, the variation in AP is driven by the
amount of raw milk used but, also, the amount ofammonia (NH3)
emissions from manure storage on dairy farms, which was re-
ported as 79% of AP associated with raw milk production by
Gonzalez-Garcia et al. (2013a). In two studies (Gonzalez-
Garcia et al. 2013a, b), the impact from processing was also
significant at approximately 10 and 12% of total AP (from
cradle-to-processing factory gate), respectively. However, for
these two studies, the impact associated with transportation and
packaging is included within processing and may be the reason it
is significant. The six studies, which are detailed in Table 8, found
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that the contribution to the overall impact from packaging and
any life cycle stages downstream of dairy processing is insignif-
icant. Furthermore, none of the studies explored the impact of AP
from raw milk transportation from the farms to the processing
factories, as this is assumed to be negligible. It is important to note
that all of the studies reported in Table 8 and Fig. 6 examine the
production of semi-hard cheeses as AP was not included in any of
the studies examining other types of cheese (e.g. fresh cheese).

3.3.3 Eutrophication potential

A summary of the reported values of EP of cheese products is
presented in Table 9. A number of different FUs were used when
measuring EP, which were dependent on the type of EP being
investigated. These included freshwater eutrophication (kg P
eq.), marine eutrophication (kg N eq.) and terrestrial eutrophica-
tion (kg PO4> eq., kg O eq.). Again, standardised characteristic

Table8 Summary of reported values of acidification potential (AP), in kilogram SO, eq. per functional unit (FU), associated with each of the life cycle

stages in the production of cheese products

Study Product FU RMP RMT Processing  Packaging Total Post dairy
D)

Santos et al. (2017) Cheese 1 kg product 0.2

Broekema and Kramer (2014)  Semi-cured Gouda cheese 1 kg packaged product ~ 0.19 1.029 x 107 146 x 10* 0.191 7.029 x 107*

Djekic et al. (2014) Cheese 1 kg product 0.0696-0.0894

Gonzalez-Garcia et al. (2013a)  Galician cheese 1 kg packaged cheese 0.091 0.012%>¢ 0.103

Gonzalez-Garcia et al. (2013b) Mature cheese 1 kg mature cheese 0.162¢ 0.018 > d 0.18

Berlin (2002) Semi-hard cheese 1 kg Angsgarden cheese  0.135 5x107* 4x10% 0136 1x10*

® Includes storage/curing
¢ Includes raw milk transportation

4Includes packaging; raw milk production (RMP); raw milk transportation (RMT)

# Calculated from paper
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EP factors rather than regional specific EP characteristic factors
were used, which may lead to inaccuracies in the results (Seppala
et al. 2006). Similar to GWP and AP, raw milk production is the
most significant contributor to the total EP (from cradle-to-
processing factory gate), which accounted for approximately
59-99%. Similar to the previous section, NH; emissions from
manure storage on the dairy farm and, also, feed production are
the main contributors to EP and are a source of variation between
studies. Processing was, again, the second highest contributor to
the total EP (from cradle-to-processing factory gate) as it
accounted for approximately 1-39%. The main source of variation
between studies relates the volume of wastewater generated
(Table 4) and the treatment strategy employed. However, this
was very dependent on the type of EP being explored and the
assumptions within the study. For example, in the study
performed by Kim et al. (2013) of mozzarella cheese production
in the USA, processing accounts for 19% of the total when exam-
ining freshwater EP and 39% of the total when examining marine
EP. Yet, it is important to note that the combined impact from raw
milk production and processing accounts for more than 99% ofthe
total EP (from cradle-to-processing factory gate) in all of the stud-
ies reviewed (Table 9). Therefore, when estimating the EP associ-
ated with the production of cheese products, it is essential to in-
clude both the impact from raw milk production and processing.
Gonzalez-Garcia et al. (2013a) found that the impact of treating
dairy wastewater ata nearby municipal wastewater treatment plant
onthe overall EP is 9%, where Galician cheese (semi-hard cheese)
is the main product. This illustrates that EP is highly dependent on
the wastewater treatment strategies being employed, and the emis-
sions to water regulation limits, if they are in place. However, these
details tend to be omitted from the LCA reports.

4 Discussion

Based on the studies reviewed, there are a number of weak-
nesses, or limitations, in the way that LCA studies on the
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production of cheese are conducted, which include the
following:

* In a number of the studies detailed in Table I, there
is a lack of detailed information and data when pre-
senting the LCI and LCIA data. This lack of detailed
information and data makes it difficult to replicate
the results of these LCA studies. Therefore, when
performing LCA of cheese products, presenting in-
creased information, relating to background processes
and a breakdown in resource consumption, would
improve the repeatability of studies and the compara-
bility within each life cycle stage.

*  When examining dairy processing factories, the accuracy
in the modelling of resource consumption and its break-
down between processes needs to be improved. This
should include the development of accurate specific in-
ventories for processes, which are generated from mea-
sured data or existing verified models. If there is greater
detail at process level, more meaningful strategies for low-
ering environmental impact associated with each life cycle
stage, based on LCA, can be derived.

e The allocation method used, which is discussed in
Section 3.1.3, has a major effect on the results of the
LCA, which has been reported in a number of publications
relating to cheese manufacture (Aguirre-Villegas et al.
2012; Briam et al. 2015; Flysjo et al. 2014). Allocation
methods may be improved with more accurate modelling
of resource consumption and standardised allocation
methods should be established. An example is water con-
sumption at the dairy processing factory. Detailed model-
ling of water consumption and CIP systems at the factory
would give a greater insight into the volume of water used
within processes and what dairy product this water should
be allocated to. Additionally, this modelling could help
inform the allocation of other streams, mainly cleaning
chemical usage and wastewater generation, as these could
be assumed to be proportional to water consumption.
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*  Another factor that affects the environmental performance
of an industry is the cost and availability of materials and
inputs. For example, if electricity is relatively inexpensive
then factories will use technologies that rely on electricity
rather than other energy sources. This may be cost effec-
tive, but could have a negative impact on the environment
unless it is obtained from renewable energy sources. On
the other hand, if an input, such as water, is scarce, then
measures will be in place to conserve water, regardless of
the extra associated costs.

Additionally, there are gaps in the knowledge and potential
for future work, which would improve the quality of LCA
studies on the production of cheese, including the following:

* A critical gap in the research is the accurate estimation of
the impact associated with the treatment of dairy waste-
water. The method used to treat the wastewater (e.g. an-
aerobic digestion, activated sludge, sequencing batch re-
actor or a combination of these), the environmental poli-
cies and regulations which govern the emissions to water
from the factories and the disposal of bio-solids generated
during the treatment of wastewater are all factors that will
affect the environmental impact of the system, but are
often omitted from the published literature.

The analysis of the life cycle stages downstream of the pro-
cessing factory gate is often omitted. Possible reasons for this
may include limited availability of reliable data for these life
cycle stages or, when they have been assessed, were found to be
insignificant when compared to raw milk production and pro-
cessing (see Figs. 5 and 6). However, more research into these
stages is required in order to accurately determine their impact.
For example, in the case of packaging, it is likely that the design
of packaging in terms of reducing food waste may be important.

5 Conclusions

A review of 16 LCA studies, which explored the impact from
the production of a variety of cheese types, including fresh,
mature and semi-hard cheeses in the USA, Canada and a
number of EU countries, has been presented. The results pre-
sented summaries of the LCI and LCIA of the existing litera-
ture and will serve as a benchmark for future LCA studies.
Additionally, a discussion on the existing weaknesses and
gaps in the knowledge, along with recommendations for po-
tential future research topics, has been presented.

For each of these environmental impact categories, raw milk
production was consistently found to be the most significant
contributor to the total impact, which was followed by process-
ing. Therefore, in order to reduce the overall environmental
impact of cheese production, mitigation strategies within raw
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milk production at farm-level, particularly in relation to enteric
fermentation and manure management, need to be implemented.
Additionally, the allocation method used, which is discussed in
Section 3.1.3, has a major effect on the results of the LCA and
this has been reported in a number of publications relating to
cheese manufacture (Aguirre-Villegas et al. 2012; Briam et al.
2015; Flysjo et al. 2014). Based on the literature, there is a
suggestion that fresh cheese has less of an environmental impact
than semi-hard cheeses, particularly when examining direct en-
ergy consumption. However, since only two studies examined
fresh cheese, there needs to be more case studies investigated to
justify this statement. Of the publications reviewed in this paper,
Kim et al. (2013), which examined the impact of cheddar and
mozzarella cheese production in the USA from cradle-to-grave,
was the most comprehensive and future studies will need to be a
similar scale and thoroughness in order to accurately estimate
the true environmental impact of cheese production.
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