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Abstract

Purpose A life cycle assessment was conducted to determine

a baseline for environmental impacts of cheddar and mozza-

rella cheese consumption. Product loss/waste, as well as con-

sumer transport and storage, is included. The study scope was

from cradle-to-grave with particular emphasis on unit opera-

tions under the control of typical cheese-processing plants.

Methods SimaPro© 7.3 (PRé Consultants, The Netherlands,

2013) was used as the primary modeling software. The

ecoinvent life cycle inventory database was used for back-

ground unit processes (Frischknecht and Rebitzer, J Cleaner

Prod 13(13–14):1337–1343, 2005), modified to incorporate

US electricity (EarthShift 2012). Operational data was col-

lected from 17 cheese-manufacturing plants representing

24 % of mozzarella production and 38 % of cheddar pro-

duction in the USA. Incoming raw milk, cream, or dry milk

solids were allocated to coproducts by mass of milk solids.

Plant-level engineering assessments of allocation fractions

were adopted for major inputs such as electricity, natural

gas, and chemicals. Revenue-based allocation was applied

for the remaining in-plant processes.

Results and discussion Greenhouse gas (GHG) emissions

are of significant interest. For cheddar, as sold at retail

(63.2 % milk solids), the carbon footprint using the IPCC

2007 factors is 8.60 kg CO2e/kg cheese consumed with a

95 % confidence interval (CI) of 5.86–12.2 kg CO2e/kg. For

mozzarella, as sold at retail (51.4 % milk solids), the carbon

footprint is 7.28 kg CO2e/kg mozzarella consumed, with a

95 % CI of 5.13–9.89 kg CO2e/kg. Normalization of the

results based on the IMPACT 2002+ life cycle impact as-

sessment (LCIA) framework suggests that nutrient emis-

sions from both the farm and manufacturing facility

wastewater treatment represent the most significant relative

impacts across multiple environmental midpoint indicators.

Raw milk is the major contributor to most impact categories;

thus, efforts to reduce milk/cheese loss across the supply

chain are important.

Conclusions On-farm mitigation efforts around enteric

methane, manure management, phosphorus and nitrogen

runoff, and pesticides used on crops and livestock can also

significantly reduce impacts. Water-related impacts such as

depletion and eutrophication can be considered resource

management issues—specifically of water quantity and

nutrients. Thus, all opportunities for water conservation

should be evaluated, and cheese manufacturers, while not

having direct control over crop irrigation, the largest water

consumption activity, can investigate the water use efficien-

cy of the milk they procure. The regionalized normalization,

based on annual US per capita cheese consumption, showed

that eutrophication represents the largest relative impact

driven by phosphorus runoff from agricultural fields and

emissions associated with whey-processing wastewater.

Therefore, incorporating best practices around phosphorous

and nitrogen management could yield improvements.
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1 Introduction

Consumers are increasingly aware of the sustainability charac-

teristics of the products they purchase. As a result, a key issue

for the dairy industry is ensuring that dairy manufacturing,

especially cheese in this study, is conducted with sustainability

in mind. At the same time, major brands and retailers are

adding environmental reporting requirements for their suppli-

ers. Therefore, actors across the US dairy industry are working

together to improve environmental performance for the entire

supply chain and towards that end commissioned this study.

Life cycle assessment (LCA) is a technique for assessing

the potential environmental impacts associated with a product,

process, or service throughout its lifetime. LCAs have been

used as a tool to identify “hot spots” in the production chain

that may introduce opportunities for simultaneously lowering

environmental impacts and improving efficiency and profit-

ability (Eide 2002). This study is a cradle-to-grave LCA of

natural cheese production focused on quantifying cumulative

energy demand; emissions to air, water, and land; and con-

sumption of water and other natural resources. There is a need

to assess the impacts of these inventory flows on climate

change, resource depletion, and human and ecosystem health.

Cheddar and mozzarella were chosen on the basis that

they represent about 64 % (by mass) and 80 % (by sales) of

all cheese produced in the USA (IDFA 2010). The principal

objective of this work is to determine a baseline for the

environmental impacts associated with production and con-

sumption of cheddar and mozzarella cheese and associated

whey products in the USA.

1.1 Literature review and background

Previous LCAs for dairy products have focused primarily on

agricultural production (Cederberg and Mattsson 2000; Haas

et al. 2001; Gerber et al. 2010). LCAs for the cheese industry

are not extensive, but important research has been conducted

in Australia (Lundie et al. 2003), Scandinavia (Berlin 2002;

Dalgaard and Halberg 2004), andWestern European countries

(Bianconi et al. 1998; Hospido et al. 2003; Williams et al.

2006). In addition, considerable research has been done on

food packaging, with some emphasis on milk packaging in

particular (Keoleian and Spitzley 1999); however, no infor-

mation regarding cheese packaging has been identified.

Research on the life cycle of dairy products from retail to

consumer to end-of-life has been minimal.

Many of the existing studies consider the footprint of milk

leaving the farm; our review of the literature revealed few post-

farm analyses. Sonesson and Berlin (2003) suggest that both

packaging and transportation from the retail outlet to the home

aremajor contributors. Other work by this group highlights the

need for improvements in process management to minimize

milk waste during processing of different products (Berlin

2005; Berlin et al. 2007). Nielsen and Høier (2009) have

investigated yield improvement effects on environmental

impacts of cheese production. In terms of overall global

warming potential (GWP) of the supply chain, the majority

of the effect originates from the farming activity, primarily

from methane emissions from the cows and fertilizer produc-

tion and use for feed. Another case study on Dutch cheese

reached similar conclusions (van Middelaar et al. 2011). One

recent study of US cheese production by Capper and Cady

(2012) estimated the greenhouse gas (GHG) emissions from

production of 500,000 tons of cheddar cheese derived from

Jersey and Holstein milk, both with and without recombinant

bovine somatotropin use. They report that cheddar cheese

produced from Jersey milk had a lower footprint than cheese

produced from Holsteins and use of recombinant bovine

somatotropin further reduced GHG.

Several cradle-to-grave LCAs have been conducted for

dairy products, including those previously noted. However,

the scale, scope, and location were different from this study,

and thus, they have limited direct applicability for assessing

the US situation.

2 Methods

This study has been structured following ISO 14040-compliant

and ISO 14044-compliant LCA methodology (ISO 2006a, b).

These standards provide an internationally agreed method of

conducting LCA, but leave significant degrees of flexibility in

methodology to customize individual projects.

2.1 Goal and scope of the study

The main goal of this work was to equip US cheese industry

stakeholders with timely, defensible, and relevant informa-

tion to support the incorporation of environmental perfor-

mance into decision-making and support the development of

innovative products, processes, and services. The study will

provide cheese manufacturers an opportunity to benchmark

their individual performance against a 2009 industry aver-

age, which is reported in this paper.

The scope of the project was a cradle-to-grave assess-

ment with particular emphasis on the unit operations under

direct control of a typical cheese-processing plant. In par-

ticular, these unit operations were transport of raw milk to

the plant, cheese and whey manufacture, and delivery of

cheese and whey products to the first customer.

2.2 Functional unit

Because cheese is produced with variable moisture content,

the results are presented on a moisture-free basis. Three

relevant functional units were defined:
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One ton (1,000 kg) of cheddar cheese consumed (dry

weight basis);

One ton of mozzarella cheese consumed (dry weight

basis);

One ton of dry whey delivered (dry weight basis).

2.3 System boundaries and cutoff criteria

System boundaries encompass production of raw milk (feed

production and on-farm), cheese manufacturing, packaging,

transport, retail, consumption, and end-of-life (Fig. 1). We

also analyzed the gate-to-grave system to increase resolution

of the manufacturing and use phases. The boundary for

whey does not include retail or consumption due to lack of

data. We did not include in the inventory processes activities

such as employee commuting; air travel; and veterinary,

accounting, or legal services.

In determining whether to expend project resources to

collect data for the inclusion of specific inputs, a 1 %

cutoff threshold for mass and energy was adopted.

Although the study is intended to be comprehensive in

consideration of impacts resulting from cheese supply

chains, it is not a detailed engineering analysis of spe-

cific unit operations within the manufacturing sector.

Thus, for example, we did not assign a specific energy

requirement for cheese-making vats, cleaning in place,

or starter culture operations, rather, we used the infor-

mation available at the manufacturing plant scale, cou-

pled with allocation of burdens to multiple plant

products, to define the burden assigned to cheese, whey,

and other coproducts. For this reason, it is important to

state that all operations, as well as facility overhead

(computers, heating, lights, etc.), are accounted for in

this work.

2.4 Allocation

Milk is the most significant input in the manufacturing of

cheese, and milk solids (4.9 % lactose, 3.4 % fat, 3.3 %

protein, and 0.7 % minerals) represent the important fraction

of raw milk (87.7 % water and 12.3 % solids) in terms of

cheese production. The production burden (at the dairy farm

gate) for milk can be wholly assigned to the solids without

differentiation (i.e., protein and fat assigned the same farm

gate burden—water is considered only as a carrier), and the

solids flow can be conceptually separated and treated as

distinct inputs to the manufacturing system, allowing the

solids content to be used as the mechanism for assigning the

incoming milk burden to each coproduct (Feitz et al. 2007;

Aguirre-Villegas et al. 2012). Allocation of the incoming milk

solid burdens associated across the multiple coproducts based

on milk solid distribution among the coproducts was our

default approach (Fig. 2). In the plant survey, we requested

each manufacturing facility operator to estimate the allocation

of common utilities (electricity, natural gas, steam, etc.) to

different operations within the plant boundary. Where this

information was provided, we used it for plant-specific allo-

cation of these inputs. For facilities that produce several types

of cheese but have inputs without clearly identified fraction,

the revenue associated with these sales were used to allocate

the burdens among the cheeses.

2.5 Life cycle inventory

This LCA is comprehensive and includes all inputs to the

dairy industry, from crop farming to the final disposition of

the packaging at the end of the supply chain. However, the

primary focus of this study was on processes within the

control of cheese-manufacturing plants. For each participat-

ing plant, processing companies were asked to complete a

spreadsheet-based survey to facilitate incorporation of the

data. During 2010, data from 2009 operations were collect-

ed from a total of 17 processing plants, including 10 cheddar

manufacturing facilities (0.55 million tons of cumulative

production) and 6 mozzarella manufacturing facilities

(0.35 million tons of cumulative production). The industry

average life cycle inventory (LCI) data are available in the

Electronic supplementary material of this paper. Based on

US production estimates of 1.45 million tons/year of ched-

dar and 1.47 million tons/year of mozzarella (IDFA 2010),

the study has a sample representing 38 and 24 % of produc-

tion, respectively. A variety of plant sizes are represented,

with production ranging from 0.014 to 0.14 million tons of

cheese/year. The survey requested facility-level data regard-

ing purchases (materials and energy), production (cheese

and other products), and emissions (solid and liquid waste

streams). Previous work conducted by the investigators for

the production of fluid milk to the farm gate was used as

background for milk production (Thoma et al. 2012a, b).

Data collected from primary sources were checked for va-

lidity by ensuring consistency of units for reporting and

conversion as well as material balances to insure that all

incoming milk solids are accounted for in products leaving

the manufacturing facility. The ecoinvent pedigree matrix

approach to assigning uncertainty of inputs was applied to

unit processes generated from primary data. Secondary data

were taken from the ecoinvent v2.2 database. The data

quality pedigree provided by the ecoinvent center for these

data was adopted without revision. If secondary data are not

available, input–output LCI datasets from the Open IO

database were used as a proxy (TSC, Open IO) (TSC

2012). SimaPro© 7.3 (PRé Consultants, The Netherlands

2012) was used as the primary modeling software; the

ecoinvent database, modified to account for US electricity,

provided information on the “upstream” burdens associated

with materials such as fuels and plant chemicals.

Int J Life Cycle Assess (2013) 18:1019–1035 1021



2.5.1 Cheese and whey plant data collection

The plants within the study combined cheese and whey

production. The survey requested information at the subfa-

cility scale; however, in many cases, only facility-level data

were available. For example, most plants reported a single

annual electrical energy use. We requested engineering esti-

mates for separate material and/or energy flows (inputs and

outputs) associated solely with cheese or whey products.

This information was used in the algorithm that allocated

material and energy flows between the coproducts of cheese

and whey (see Fig. 2). For this study, each output product of

each plant was classified as one of the following: main

cheese, other cheese, dry whey, wet whey, and other cop-

roducts. Protection of confidential business information

requires an aggregation of the data that were acquired from

Fig. 1 Flow diagram depicting cheese and whey unit processes/operations, applicable to both cheddar and mozzarella processes. Note that the

curved arrows represent a transport operation

Fig. 2 System separation for

unique processes; milk solids,

plant engineering estimates, and

revenue-based approaches can

be taken to allocate the

common process burdens

(Aguirre-Villegas et al. 2012)
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the manufacturing facilities that participated in this project.

Representative average production LCI data were generated

using the allocated LCI data for each plant, which was totaled

to create a generic inventory for each of the five potential

coproducts at each facility. The resultant inventory is a

production-weighted dataset because each product’s reference

flow was the sum of production from all reporting facilities.

2.5.2 Transportation: farm to manufacturing

and manufacturing to retail

The survey included information on transportation distances

from farm tomanufacturing facility and also for distribution to

retail (or in the case of whey, to the first customer). These data

were used to determine the impacts of these stages within the

cheese supply chain. The baseline vehicle was considered to

be an insulated tanker truck and a refrigerated truck for raw

milk and finished product, respectively. For a refrigerated

truck transport, we modified ecoinvent unit process by adding

refrigerant loss (Nutter et al. 2012). Empty kilometers (during

return) were also included. Allocation of transportation of the

raw milk to different products was based on milk solids. Post-

manufacturing transport was directly assigned to the product

being transported.

2.5.3 Retail

Contribution to environmental impacts from the retail sector

was assessed from information previously requested from the

project sponsor, who provided data regarding shelf space

occupied in retail grocery outlets coupled with publicly avail-

able data for energy consumption in the building sector

(Energy Information Administration (EIA) 2003; Energy

Star 2008). Disposal of secondary packaging was accounted

for through recycling rates of the materials commonly

recycled (corrugated packaging and pallets). After distribution

from the processor to the retail gate, cheese is displayed for

consumer purchase. During this phase, there are three distinct

emissions streams: refrigerant leakage, refrigeration electrici-

ty, and overhead electricity. For the purposes of this LCA,

cheese sales channels were divided into two primary channels:

supermarkets and mass merchandisers. Estimates of the sales

volume, space occupancy, and energy demands were used to

determine the burden of this supply chain stage.

2.5.4 Consumer transportation

According to the US Department of Transportation, Bureau

of Transportation Statistics, Research and Innovative

Technology Administration’s 2001 National Household

Travel Survey (NHTS), the average household makes 88.4

trips annually of 10.8 km roundtrip for shopping (NHTS

2009). Allocation of impacts from this activity to cheese is

1.16 % (all cheese, 11.9 % of dairy (USDA 2010); all dairy,

9.8 % of grocery sales (Food Marketing Institute 2010))

resulting in 0.15 km/kg cheese. The average number of

people per household is assumed to be 2.6 (US Census

Bureau 2009), and the per capita annual consumption of

cheese is estimated to be 3.69 and 3.95 kg for cheddar and

mozzarella, respectively. Therefore, the total annual house-

hold consumption was estimated to be 9.59 and 10.26 kg for

cheddar and mozzarella, respectively. Considering all

cheeses (excluding ricotta and cottage cheeses), annual

household consumption is calculated at 28.9 kg, resulting

in 33.2 and 35.5 % of all cheese consumption for cheddar

and mozzarella, respectively. The transportation distances,

then allocated to cheddar and mozzarella, are thus 0.050 and

0.054 km/kg cheese purchased, respectively.

The average fuel economy for passenger cars and other

four-wheel vehicles (pickup truck, sport utility vehicles) was

determined from the NHTS (2009) to be 9.61 and 7.70 km/L,

respectively. It was assumed that all personal vehicles are

powered by gasoline. The National Automobile Dealers

Association (NADA) State of the Industry Report (NADA

2011) reports a 50:50 market share ratio of passenger cars to

other four-wheel vehicles. Therefore, a weighted average of

8.65 km/L was assumed as the average fuel economy of

personal vehicles. As the LCI datasets for personal transport

in ecoinvent do not exactly match this fuel economy, we

adjusted the number of kilometers of operation to ensure that

the estimated fuel consumed, based on average US fuel econ-

omy, was properly calculated.

2.5.5 Home refrigeration

The EIA Residential Energy Consumption Survey estimates

annual energy use for home refrigeration to be approximately

1,350 kWh (EIA 2005). The cheese portion of the total refrig-

erated products, 2.57 % (cheese, 11.9 % of all dairy (USDA

2010); dairy, 21.7 % of refrigerated sales (Food Marketing

Institute 2010)), is used to calculate the home refrigeration

attributable to cheese, which results in 34.7 kWh. Note that the

refrigerated shelf space allocation at home is expected to be an

overestimate: in-home shelf space occupied by cheese is likely

smaller than at the store, since the fraction of shelf space

occupied in-home is likely decreased due to items purchased

at the store unrefrigerated that need refrigeration upon open-

ing (e.g., ketchup). With these caveats, refrigeration energy

per kilogram of all cheese at household is then estimated to be

1.2 kWh/kg, and thus, 0.40 and 0.43 kWh/kg for cheddar and

mozzarella, respectively, based on their market share.

2.5.6 Dishwashing

Water and energy burdens for dishwashing were taken from

the Energy Star criteria for a standard-sized dishwasher

Int J Life Cycle Assess (2013) 18:1019–1035 1023



model (Energy Star 2009). A standard-sized model is con-

sidered to use 1.51 kWh and 22 L of water/cycle. It has a

capacity of eight place settings and six serving pieces. A

“place setting” is assumed to be comprised of two plates, one

bowl, six utensils, and three glasses. Therefore, each cycle is

assumed to wash 36 utensils (6 utensils×6 serving pieces) and

48 non-utensils (6 non-utensils×8 place settings). It is as-

sumed that 10% of water and energy is allocated to the utensil

rack and 90 % to the non-utensil pieces. We assumed the

dishwashing burden for utensils and plates for cheese con-

sumption to be 5% of a dishwasher load/kg cheese consumed.

This assumption was based on an estimate of the mean num-

ber of plates and utensils used for cheese and the capacity of a

typical dishwasher.

2.5.7 Postconsumer solid waste

We model waste disposal in SimaPro© with unit processes

from ecoinvent for consumer disposal of packaging materi-

al. Franklin Associates (2008) report that an estimated 14 %

of postconsumer waste is incinerated with energy recovery.

We modeled the incineration of these materials but did not

account for energy recovery, as it fell below the 1 % cutoff

criterion.

2.6 Scenario analysis of cheddar aging

The bulk of cheddar cheese sold in the USA is aged approx-

imately 70 days, but specialty cheddar can be aged five or

more years. In 2009, 1.45 million tons of cheddar cheese

was produced in the USA (IDFA 2010). Cold holding

reports for cheddar cheese were examined and a typical

inventory of 0.28 million tons was reported (NASS 2010).

Using a simple first in–first out assumption, the US inven-

tory of cheddar cheese turns over 5.17 times a year (1.45/

0.28=5.17), implying that the typical age of cheddar cheese

at retail is 70.6 days (365 days/5.17=70.6 days). Based on

EIA (2003) survey data, refrigerated warehouses consume

an average of 307 kWh/m2/year of electricity and

338 MJ/m2/year of natural gas. We assumed that pallets

were stored on shelves up to six pallets high (typical ware-

house height=∼9 m) and used an industry estimate of the

number of 18.1 kg (40-lb) blocks in 45 blocks per pallet.

Ammonia is used for refrigeration in large warehouses used

for cheese storage. We used an emission factor of 13.6 kg

NH3/employee/year coupled with Industrial Assessment

Center (IAC 2009) data on employees and warehouse size

to arrive at an estimated emission of 0.013 kg NH3/m
2/day

of storage. Mozzarella is distributed for retail as rapidly as

possible, but typically, needs to be held for 2 weeks before

unwrapping to smaller pieces and repackaging to retail

sizes. It should be noted that a large fraction of mozzarella

is used in food service applications where it is frozen and

stored for some time prior to being used. We did not include

this branch of the supply chain as our focus was on cheese

directly purchased by the end consumer.

2.7 Life cycle impact assessment

The intention of this study was to provide a compre-

hensive environmental life cycle impact assessment

(LCIA) of cheese production and consumption, which

stems from all phases of cheese production and delivery

systems. These environmental impacts include climate

change, cumulative energy demand, freshwater deple-

tion, marine and freshwater eutrophication, photochemi-

cal oxidant formation, impacts to ecosystems and human

toxicity, and ecotoxicity (Hertwich et al. 1998;

Huijbregts et al. 2000; Jolliet et al. 2003; Goedkoop et

al. 2009; Hischier and Weidema 2010). We chose im-

pact categories relevant to the dairy industry: IPCC

GWP 100a, Cumulative Energy Demand, ReCiPe

Midpoint, ReCiPe Endpoint, and USEtox (Table 1).

3 Results and discussion

3.1 Life cycle impact assessment results

We accounted for the entire supply chain of cheese

consumption in the USA. This includes specifically

product loss at various stages of the supply chain, as

well as consumer transport and storage of products prior

to consumption. Figures 3 and 4 present a contribution

analysis of cradle-to-grave (left column) and farm gate-

to-grave (right column) LCIA results across all of the

impact categories considered for cheddar and mozzarel-

la, respectively. Figure 5 presents a summary of cradle-

to-gate and farm gate-to-gate LCIA results for dry

whey. Quantitative results are presented in Tables 2

Table 1 Reporting categories used for the study

Life cycle inventory categories Life cycle impact categories

Cumulative energy demand Climate change

Freshwater depletion Marine eutrophication

Photochemical oxidant formation

Freshwater eutrophication

Ecosystems

Human toxicity

Ecotoxicity

1024 Int J Life Cycle Assess (2013) 18:1019–1035



and 3 for cheddar and mozzarella, respectively. It is not

surprising that, for most of the impact categories, the

production of milk dominates the environmental impacts

of cheese production. Cumulative energy demand and

human toxicity are the only two categories for which

50 % or more of the impact occurs after the farm gate.

This can be explained by the relatively even distribution

of electricity consumption across the supply chain

compared to the more intense pre-farm gate activities

that affect the remaining impact categories.

3.1.1 Feed production and on-farm impacts

We found that raw milk impacts from feed production and

farm milk production are similar for each manufactured

product (cheddar, mozzarella, and dry whey). Both are

Legend:

Feed Production Farm Raw Milk Transport

Manufacturing Packaging Distribution

Retail Consumption

Fig. 3 Contribution analysis of cradle-to-grave (left column) and farm gate-to-grave (right column) LCIA results for cheddar cheese supply chain

Int J Life Cycle Assess (2013) 18:1019–1035 1025



significant contributors across all impact categories

(Table 4).

3.1.2 Farm gate-to-gate impacts

Environmental impacts associated with foreground LCA

processes are those that can be more readily controlled by

the cheese manufacturer and span the supply chain from the

dairy farm gate to the first customer. It is noted that impacts

in climate change and cumulative energy demand are sig-

nificantly driven by electricity and natural gas consumption

(Fig. 6). Cumulative energy demand normally tracks GHG

emissions. However, milk production has a significant con-

tribution from enteric methane, and therefore, the relative

consumption of fossil fuel is lower. Eutrophication impacts

are dominated by on-site wastewater treatment (WWT). In

Legend:

Feed Production Farm Raw Milk Transport

Manufacturing Packaging Distribution

Retail Consumption

Fig. 4 Contribution analysis of cradle-to-grave (left column) and farm gate-to-grave (right column) LCIA results for mozzarella cheese supply chain

1026 Int J Life Cycle Assess (2013) 18:1019–1035



this model, WWT is taken from the ecoinvent database and

assumes a loading of nitrogen and phosphorus that may not

be representative of individual plants in the US industry.

Some facilities reported significantly lower phosphorous

loadings, while others reported significantly higher load-

ings. Based on the survey data and literature reports, we

modified the ecoinvent dataset to remove contributions

from sludge incineration, to the extent that it could be

singled out, and reduced the estimated influent phospho-

rus concentration from 250 mg/L (Swiss conditions) to

70 mg/L. It is necessary to have more site-specific infor-

mation to draw conclusions about individual facilities.

Photochemical oxidant formation is strongly influenced

by transportation. The impacts to human toxicity and

ecotoxicity are dominated by electricity use (arsenic and

other heavy metals emissions from coal mining activities)

. The relative contributions to cheddar and mozzarella

impacts are nearly identical on a dry solids basis because

the technologies are fairly similar. Thus, mozzarella-

specific results are not included here.

Legend:

Feed Production Farm Raw Milk Transport

Manufacturing Packaging Distribution

Fig. 5 Contribution analysis of cradle-to-customer-gate (left column) and farm gate-to-customer-gate (right column) LCIA results for drywhey supply chain

Int J Life Cycle Assess (2013) 18:1019–1035 1027
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3.2 Normalization

This is an optional phase of an LCA according to ISO

14044, but it is a useful step to help identify impact catego-

ries that are particularly relevant for the industry under

study. Briefly, normalization is an effort to contextualize

the emissions impacts, typically on a regional basis. The

total emissions contributing to a specific impact category for

the region are estimated and then normalized to a per person

basis for the region. Thus, a normalization factor will have

units of impact per person per year and represents the

average cumulative impacts in the region on a per capita

basis. Normalization factors have been recently published

for the USA for IMPACT 2002+ (Lautier et al. 2010).

Comparison of impact categories from different methods is

a valuable qualitative exercise. However, caution should be

taken in making direct quantitative comparisons because

there are differences in the underlying methods, and char-

acterization of the same substance in different frameworks is

not exactly the same. Some of these differences arise due to

Table 4 The largest impact drivers for feed production and on-farm activities

Impact category Impact drivers

Climate change Farm-based enteric methane and manure management; farm CO2 from fossil fuels combustion (cultivation

and on-farm usage); and N2O from fertilizer application and manure management

Cumulative energy demand Natural gas, oil, and coal for direct use and production of nitrogen fertilizer

Freshwater depletion Majority of irrigation (95 %) and lesser amount toward milking parlor cleaning and livestock watering

Marine eutrophication Phosphate release from runoff due to on-field fertilizer application

Photochemical oxidant formation NOx and VOCs from combustion (a significant source in some regions is ethanol released during

fermentation of silage)

Freshwater eutrophication Nitrogen compound runoff from fertilizer application and manure management; eutrophication is

geospatially variable and dependent on local conditions

Ecosystems Land occupation for crop production and crop/farm GHG emissions; land occupation is often

considered a surrogate indicator for biodiversity

Human toxicity Arsenic to water and heavy metals (in both air and water) primarily from coal mining tailings and

coal ash disposal in the electricity supply chain

Ecotoxicity Pesticides for crop and livestock protection; insecticide applied as a back pour for fly and lice control

in dairy cattle contributes significantly of the total aquatic ecotoxic impact

Farm gate to customer

Fig. 6 Relative contribution of

manufacturing inputs to

environmental impacts from

farm gate-to-customer for

cheddar cheese production
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the geographic domain of the framework, while other

differences represent uncertainty in, for example, the

toxicology of a particular compound or whether a re-

ceiving water body is phosphorus-limited or nitrogen-

limited in the case of eutrophication. In the following

discussion, each of two normalization tests was con-

ducted using the reported (USDA 2010) annual loss-

adjusted cheese consumption of an average US citizen,

3.67 kg cheddar (2.32 kg on a dry solids basis) or

3.95 kg mozzarella (2.03 kg on a dry solids basis).

3.2.1 IMPACT 2002+ US midpoint normalization

We conducted a normalization test using the IMPACT

2002+ assessment framework. The emissions from the sys-

tem are compared to the average per capita emissions,

enabling mitigation efforts to focus on the impact categories

that contribute the largest relative fraction of environmental

impact. There is not an exact correspondence between the

IMPACT 2002+ framework and the combination of ReCiPe

and USEtox chosen for this study, but US normalization

Fig. 7 US normalization of

cradle-to-grave impacts for the

consumption of 3.7 kg (63.2 %

solids) cheddar cheese using

normalization factors provided

by Lautier et al. (2010) for the

IMPACT 2002+ LCIA

framework

Fig. 8 Normalized cradle-to-

grave impacts for the

consumption of 3.7 kg cheddar

by US consumers. ReCiPe

Endpoint impacts with World

Hierarchist normalization
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factors do not exist for those methods. The example nor-

malization results for cheddar (Fig. 7) indicate that aquatic

eutrophication, aquatic ecotoxicity, and terrestrial acidifica-

tion are important categories on which to focus improve-

ment activities. From a manufacturing perspective, these can

be mitigated through energy conservation and water con-

servation/treatment activities.

3.2.2 ReCiPe world endpoint normalization

The ReCiPe method presents an alternate view of normali-

zation of cheddar impacts (Fig. 8). In this approach, the

region under consideration is the globe. Thus, the y-axis

represents the impact that a US resident’s consumption of

cheese imposes on the environment compared to an average

impact of all people on the planet (from all sources contrib-

uting to that impact category). It is well-documented that the

USA consumes a disproportionate amount of resources

compared to the majority of the world. The global normal-

ization approach, based on an endpoint perspective, which

accounts for the effects of, for example, climate change on

human health, suggests that US annual consumption of

natural cheese is a more important driver of climate change

health effects, respiratory effects resulting from particulate-

forming emissions and fossil fuel depletion, with relatively

lower importance in the remaining categories. It should be

noted that the set of impacts two orders of magnitude

smaller than the others (see Fig. 8) should have lower

priority for reduction. It is of course important to make

incremental improvements in all impact categories, and

efforts to reduce electricity and fossil fuel consumption will

have broad benefits.

3.3 Scenario analysis of cheddar aging

To understand the potential impacts associated with long-

term aging of cheddar, we conducted a scenario study with

cold storage up to 5 years. We present the results for both

cradle-to-grave and post-farm gate (Table 5). In terms of

GHG emissions after 60 months of aging, there is approx-

imately 6 and 22 % increase (an increase of 0.47 kg

CO2e/kg dry cheese solids) in the cradle-to-grave and farm

gate-to-grave emissions, respectively. For the post-farm sup-

ply chain, human toxicity and ecotoxicity impacts increase

noticeably, primarily associated with increased electricity

use for additional refrigeration.

Table 5 Percent increase in cradle-to-grave and post-farm gate

impacts (in parentheses) from 1 to 60 months cheddar aging in refrig-

erated warehouse (the baseline scenario assumed ∼70.6 days total

aging, if manufacturing plants hold 10–14 days—values in this table

are for total aging time)

Impact category Months of additional aging, % (%)

1 2 12 24 36 48 60

Climate change 0.09 (0.37) 0.19 (0.73) 1.1 (4.4) 2.2 (8.8) 3.3 (13) 4.5 (18) 5.6 (22)

Cumulative energy demand 0.22 (0.43) 0.44 (0.87) 2.6 (5.2) 5.3 (10) 7.9 (16) 11 (21) 13 (26)

Freshwater depletion 0.00 (0.13) 0.00 (0.25) 0.03 (1.5) 0.06 (3.0) 0.08 (4.5) 0.11 (6.0) 0.14 (7.5)

Marine eutrophication 0.06 (0.18) 0.12 (0.36) 0.75 (2.2) 1.5 (4.4) 2.2 (6.6) 3.0 (8.7) 3.7 (11)

Photochemical oxidant formation 0.06 (0.26) 0.13 (0.52) 0.77 (3.1) 1.5 (6.2) 2.3 (9.3) 3.1 (12) 3.9 (15)

Freshwater eutrophication 0.07 (0.41) 0.15 (0.83) 0.89 (5.0) 1.8 (9.9) 2.7 (15) 3.6 (20) 4.5 (25)

Ecosystems 0.03 (0.26) 0.06 (0.52) 0.36 (3.1) 0.71 (6.2) 1.1 (9.4) 1.4 (12) 1.8 (16)

Human toxicity 0.39 (0.50) 0.78 (1.0) 4.7 (6.0) 9.4 (12) 14 (18) 19 (24) 23 (30)

Ecotoxicity 0.01 (0.50) 0.03 (1.0) 0.17 (6.0) 0.34 (12) 0.51 (18) 0.69 (24) 0.86 (30)

Table 6 Results of 1,000 Monte

Carlo simulations for uncertainty

analysis of cheddar cheese from

cradle-to-grave per ton of dry

cheese solids

Impact category Unit Mean Coefficient of

variation (CV) (%)

95 % CI

Climate change kg CO2e 1.34E+04 18.8 9.28E+03 1.93E+04

Cumulative energy demand MJ 7.67E+04 46.1 4.73E+04 1.57E+05

Freshwater depletion m3 1.37E+03 21.8 8.88E+02 2.06E+03

Marine eutrophication kg N eq. 3.80E+01 18.3 2.65E+01 5.42E+01

Photochemical oxidant

formation

kg NMVOC 4.67E+01 17.7 3.22E+01 6.54E+01

Freshwater eutrophication kg P eq. 7.84E+00 18.7 2.41E−04 5.15E−04

Ecosystems Species/year 3.55E−04 27.7 4.95E+00 1.22E+01

Human toxicity CTUh 5.07E−04 211 1.81E−04 1.38E−03

Ecotoxicity CTUe 7.17E+04 22.4 4.78E+04 1.06E+05
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3.4 Uncertainty analysis

LCA results for 1 ton of cheddar, mozzarella, and dry whey

consumption in 2009 were analyzed using 1,000 Monte

Carlo analysis runs each (Tables 6, 7, and 8, respectively).

GHG emissions are of notable interest, and on dry milk

solids basis, the carbon footprint of cheddar and mozzarella

are approximately 13.4 and 14.2 tons CO2e/ton of cheese

solids consumed, respectively. The 95 % confidence interval

(CI) ranges 9.28–19.3 tons CO2e/ton of cheddar solids con-

sumed and 9.73–19.6 tons of CO2e/ton of mozzarella cheese

solids consumed. For an average moisture content of 36.8 %

for cheddar as sold at retail, the carbon footprint is 8.60 tons

CO2e/ton of cheddar cheese consumed (95 % CI=5.86–

12.2). Based on an average moisture content of 48.6 % for

mozzarella as sold at retail, the carbon footprint is 7.28 tons

CO2e/ton of mozzarella consumed (95 % CI=5.13–9.89).

Freshwater depletion—defined as water removed during

production but not returned to the same watershed, which

excludes process and cooling water—is dominated by feed

production due to crop irrigation. On a milk solids basis,

freshwater depletion is 1,370 m3/ton of cheddar consumed

(95 % CI=890–2,060 m3). This is equivalent to approxi-

mately 870 L of water/kg of cheddar cheese (as sold at

retail) consumed in the USA. For mozzarella cheese,

680 L of water are consumed/kg of mozzarella consumed

because it has higher moisture content at retail.

3.5 Plant-scale variability

Figure 9 presents a summary comparison of the ten cheddar

and six mozzarella plants that provided data for this study to

present the full variability of operations. The LCIA was

normalized so that the average mozzarella plant equaled

100. Caution in interpreting this variability is necessary

because each facility is considered in its totality, with no

allocation between multiple products. The impacts are based

on a reference flow of the total milk solids processed re-

gardless of the quantity of cheese, whey, or other products

manufactured. It is apparent that there is significant variabil-

ity among the plants and that there are opportunities for

many of them to improve. Due to the nature of the survey

data collected (i.e., at the plant scale), it is not possible in

this study to identify which unit operations may be causing

the differences among the facilities, and additional subfacil-

ity data collection and analysis will be necessary to fully

identify and target unit operations for improvement.

3.6 Limitations

The variability associated with the allocation procedure used

for the study places some limits on the recommendations

that can be supported for specific products. This work is

intended to provide a benchmark for the industry, and for

whole-plant analysis, this has been achieved. However,

Table 7 Results of 1,000 Monte

Carlo simulations for uncertainty

analysis of mozzarella cheese

from cradle-to-grave per ton of

dry cheese solids

Impact category Unit Mean CV (%) 95 % CI

Climate change kg CO2e 1.42E+04 17.0 9.73E+03 1.96E+04

Cumulative energy demand MJ 8.83E+04 41.1 5.01E+04 1.69E+05

Freshwater depletion m3 1.33E+03 20.1 8.81E+02 1.94E+03

Marine eutrophication kg N eq. 3.80E+01 16.9 2.64E+01 5.20E+01

Photochemical oxidant formation kg NMVOC 4.97E+01 16.7 3.45E+01 6.65E+01

Freshwater eutrophication kg P eq. 8.05E+00 16.8 2.47E−04 4.84E−04

Ecosystems Species/year 3.59E−04 26.7 4.99E+00 1.26E+01

Human toxicity CTUh 6.65E−04 95.2 2.57E−04 1.71E−03

Ecotoxicity CTUe 6.99E+04 20.1 4.60E+04 9.98E+04

Table 8 Results of 1,000 Monte

Carlo runs for uncertainty anal-

ysis of dry whey from cradle-to-

customer per ton of dry whey

solids

Impact category Unit Mean CV (%) 95 % CI

Climate change kg CO2e 1.21E+04 15.3 9.11E+03 1.61E+04

Cumulative energy demand MJ 5.81E+04 28.5 4.09E+04 8.93E+04

Freshwater depletion m3 1.45E+03 16.2 1.05E+03 2.00E+03

Marine eutrophication kg N eq. 3.73E+01 12.2 2.92E+01 4.77E+01

Photochemical oxidant formation kg NMVOC 4.40E+01 12.9 3.33E+01 5.60E+01

Freshwater eutrophication kg P eq. 7.52E+00 15.6 5.53E+00 1.01E+01

Ecosystems Species/year 3.51E−04 13.4 2.70E−04 4.54E−04

Human toxicity CTUh 2.27E−04 116 7.78E−05 7.29E−04

Ecotoxicity CTUe 7.57E+04 14.9 5.69E+04 1.01E+05
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there were variations in the reported allocation of in-plant

resource use. Without a detailed process model for each

plant, a generic allocation is difficult to achieve. In addition,

some data quality concerns exist regarding the completeness

of the milk solid mass fractions. Thus, while the results are

in good general agreement with available European studies,

public statements regarding the footprint of cheese alone or

whey alone should be made cautiously due to the individual

allocation fractions of each plant studied.

4 Conclusions and recommendations

This study was a US-based LCA for cheddar cheese, moz-

zarella cheese, and associated whey products. A combina-

tion of LCI and LCIA were reported to help the cheese

industry engage in sustainable practices and reduce environ-

mental impacts, while validating those reductions by bench-

marking their performance against a 2009 industry average.

Primary focus was placed on the processes within the con-

trol of cheese-manufacturing plants.

Climate change and cumulative energy demand impacts

are closely linked to fossil fuel consumption. Moreover,

many other environmental impacts from the post-farm man-

ufacturing and distribution stages of the production of ched-

dar cheese and mozzarella cheese are also directly linked to

energy consumption primarily that associated with coal

mining and combustion.

The production of raw milk is the major contributor to

nearly all impact categories; thus, efforts to reduce milk/cheese

loss at all stages in the supply chain have significant potential

to reduce the overall impacts of cheese consumption. In addi-

tion, on-farm mitigation efforts around enteric methane, ma-

nure management, phosphate and nitrate runoff, and pesticides

used on crops and livestock also have the potential to signifi-

cantly reduce overall impacts.

Water-related impacts such as depletion and eutrophica-

tion can be considered as resource management issues—in

the case of depletion, management of water quantity, and in

the case of eutrophication, management of nutrients. Thus,

opportunities for water conservation across the supply chain

should be evaluated, and cheese manufacturers, while not

having control over the largest fraction of water consump-

tion, can begin to investigate the water use efficiency of the

milk they procure.

The regionalized normalization analysis based on an aver-

age US citizen’s annual cheese consumption showed that

eutrophication represents the largest relative impact due large-

ly to the combination of phosphorus runoff from agricultural

fields and phosphorous emissions associated with digestion of

wastewater from whey processing. Therefore, incorporating

best practices around phosphorous and nitrogen management

could yield improvements.

Finally, the US electricity supply chain (primarily coal-

based) and combustion of other fossil fuels (natural gas,

diesel, etc.) were also found to be the primary contributors

to photochemical oxidant formation, impacts to ecosystems,

human toxicity, and ecotoxicity. Thus, conservation efforts

to reduce fuel and electricity use within the cheese life cycle

will have broad beneficial impacts, both economic, through

Fig. 9 Comparison of farm

gate-to-grave impacts of

cheese-manufacturing facilities

reported for this study. The

average mozzarella facility is

shown in black and average

cheddar in gray. All facilities

are normalized to the average

mozzarella plant defined as

100. Individual plant scores are

sorted in descending order to

preserve the confidentiality of

individual plant data
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cost savings, and environmental, due to the reduction in

emissions.
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