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ABSTRACT

The Canadian dairy sector is a major industry with
about 1 million cows. This industry emits about 20%
of the total greenhouse gas (GHG) emissions from the
main livestock sectors (beef, dairy, swine, and poultry).
In 2006, the Canadian dairy herd produced about 7.7
Mt of raw milk, resulting in about 4.4 Mt of dairy
products (notably 64% fluid milk and 12% cheese).
An integrated cradle-to-gate model (field to processing
plant) has been developed to estimate the carbon foot-
print (CF) of 11 Canadian dairy products. The on-farm
part of the model is the Unified Livestock Industry
and Crop Emissions Estimation System (ULICEES).
It considers all GHG emissions associated with live-
stock production but, for this study, it was run for the
dairy sector specifically. Off-farm GHG emissions were
estimated using the Canadian Food Carbon Footprint
calculator, (cafoo)’milk. Tt considers GHG emissions
from the farm gate to the exit gate of the processing
plants. The CF of the raw milk has been found lower in
western provinces [0.93 kg of CO, equivalents (CO,e)/L
of milk] than in eastern provinces (1.12 kg of CO,e/L
of milk) because of differences in climate conditions
and dairy herd management. Most of the CF estimates
of dairy products ranged between 1 and 3 kg of CO.e/
kg of product. Three products were, however, signifi-
cantly higher: cheese (5.3 kg of CO.e/kg), butter (7.3
kg of COse/kg), and milk powder (10.1 kg of CO.e/
kg). The CF results depend on the milk volume needed,
the co-product allocation process (based on milk solids
content), and the amount of energy used to manufac-
ture each product. The GHG emissions per kilogram of
protein ranged from 13 to 40 kg of COse. Two products
had higher values: cream and sour cream, at 83 and
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78 kg of COse/kg, respectively. Finally, the highest
CF value was for butter, at about 730 kg of CO.e/kg.
This extremely high value is due to the fact that the
intensity indicator per kilogram of product is high and
that butter is almost exclusively fat. Protein content
is often used to compare the CF of products; however,
this study demonstrates that the use of a common
food component is not suitable as a comparison unit
in some cases. Functionality has to be considered too,
but it might be insufficient for food product labeling
because different reporting units (adapted to a specific
food product) will be used, and the resulting confu-
sion could lead consumers to lose confidence in such
labeling. Therefore, simple units might not be ideal and
a more comprehensive approach will likely have to be
developed.

Key words: dairy production, carbon footprint, mod-
eling, Canadian dairy industry

INTRODUCTION

Over the last decade, anthropogenic greenhouse gas
(GHG) emissions have come to be accepted as the
main cause of climate change. To find and implement
GHG mitigation strategies, international efforts during
this period have been devoted to quantifying the main
GHG and identifying their sources (Steinfeld et al.,
2006; IDF, 2010; Environment Canada, 2012). Follow-
ing its creation in 1989, the Intergovernmental Panel on
Climate Change (IPCC) developed a standard meth-
odology to estimate all GHG emissions from the major
economic sectors (IPCC, 1996b, 2000, 2006), which is
now used by most countries to estimate national GHG
emissions (UNFCCC, 2012). These emission invento-
ries have become the foundation of national policies
on GHG mitigation strategies and international agree-
ments. In Canada, agricultural GHG emissions account
for approximately 8% of the nation’s total emissions
(Environment Canada, 2012), and mitigation measures
are being investigated for their potential to reduce net
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emissions. However, inventories are poor tools to track
how effective GHG mitigation strategies are because
agroecosystems are complex biological systems charac-
terized by variability among producers, localities, and
time. Also, agricultural GHG inventories do not include
fossil fuel CO, emissions from energy use; these have
been included with off-road traffic (IPCC, 1996a). Al-
though smaller in magnitude than agricultural methane
(CH,) and nitrous oxide (N,O) emissions, farm energy is
an essential part of the sector’s GHG emissions budget
(Dyer and Desjardins, 2007, 2009). Its omission means
that, for example, implementation of reduced tillage
practices that decrease fossil fuel CO, emissions from
tractors is not factored into the effects that farm man-
agement decisions have on agricultural GHG emissions.
Also, considering the food chain as a whole, the dairy
and meat processing sectors are known to be important
energy consumers (Eide, 2002; Foster et al., 2006; Hop-
kins and Lobley, 2009) and may thus be responsible for
high GHG emissions whenever fossil fuels are the main
energy source. Compared with conventional farms, the
primary energy demand for organic farms was found to
be lower (Cederberg and Mattson, 2000; Williams et
al., 2006). To better assess GHG emission estimates,
calculations need to be integrated into comprehensive
models combining both on-farm and off-farm GHG
emissions and easily updated and responsive to policy
scenarios.

Greenhouse gas emissions from the food processing
industry have recently been estimated and intensity
indicators calculated to follow year-to-year efficiency
improvements within the food industries such as dairy
industry or meat production and processing (Maxime
et al., 2010).

Assessments of the GHG emission budgets have also
been completed for the 4 largest livestock commodities
in Canada—beef, dairy, swine, and poultry (Dyer et al.,
2008; Vergé et al., 2007, 2008, 2009a,b). All sources of
the 3 main agricultural GHG (CH,, N,O, and fossil fuel
CO,) were accounted for. Many commodity-specific
GHG sources have inter-commodity linkages and many
of them stem from competition for arable land, crops,
and other inputs as well as for market share. For ex-
ample, satisfying diet requirements can lead to compe-
tition for feed grain, especially under intensive animal
production. The livestock industries share arable land
with food crops such as bread-quality wheat, and the
use of agricultural land to produce biofuel feedstock is
also becoming very important (Klein and LeRoy, 2007;
Dyer et al., 2010a). Therefore, the holistic approach
undertaken for each sector needs to be applied to the
agricultural and processing systems as a whole.

The objective of this paper was to estimate the car-
bon footprint (CF) of the main Canadian dairy prod-
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ucts from cradle (farm production) to the exit gate of
processing plants. Two different reporting units have
been used (kilograms of product and kilograms of pro-
tein content). Results are presented and the issues and
needs discussed.

MATERIALS AND METHODS
Boundaries of the System and Model Overview

Greenhouse gas emissions were estimated using an
integrated model including on-farm production, the
associated processing industries, and transportations
from farms to processing plants. All downstream steps
after the dairy plant are outside the scope of this study
(i.e., distribution, retailing, consumer use, and end-of-
life of packaging).

The calculator has a multi-module structure. The
farm is the heart of the model and is linked to 3
other modules corresponding to the milk, meat, and
egg commodities through transportation. The on-
farm GHG calculations were done using the Unified
Livestock Industry and Crop Emissions Estimation
System (ULICEES) calculator (Vergé et al., 2012). It
considers all GHG emissions associated with livestock
production but, for this study, it was run for the dairy
sector specifically. The off-farm GHG emission calcula-
tions were performed using the (Cafoo)*milk calculator
(Maxime et al., 2011).

Within the boundaries of the study, the system can
be detailed as presented in Figure 1. The off-farm
model for dairy products starts at the farm gate and
includes milk hauling. The dairy processing sector is
considered as a whole and each dairy plant is assumed
to produce all dairy products mentioned in Figure 1.
Such a modeling approach has been motivated by the
fact that yearly statistics on energy use are available at
the dairy manufacturing level only and not by product.

On-Farm Model

The methodology used in this paper follows an ap-
proach similar to the commodity-specific assessments
already completed and presented for the Canadian
dairy (Vergé et al., 2007; Dyer et al., 2008), beef (Vergé
et al., 2008), pork (Vergé et al., 2009a), and poultry
industries (Vergé et al., 2009b). The ULICEES model
was described in Vergé et al. (2012). Therefore, this sec-
tion summarizes the methodology previously presented
and mentions the changes that have been introduced.

The ULICEES model is based on the IPCC meth-
odology (IPCC 2000, 2006) adapted to Canadian con-
ditions by Vergé et al. (2006) for CH, emissions and
by Rochette et al. (2008) for N,O emissions. Carbon
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Figure 1. Dairy processing system: boundaries and calculation paths. DDGS = dried distillers grains with solubles; GHG = greenhouse gas.

Color version available in the online PDF.

dioxide emissions from fossil energy use were accounted
for and calculated using the F4E2 model (Dyer and
Desjardins, 2003).

Several terms have been revised from the 4 livestock
assessments. These modifications, which resulted in
minor differences compared with the 4 original live-
stock GHG emission budgets, concern animal diets and
nitrogen excretion rates.

The crops in the animal diets were the same in
ULICEES as used in the previous studies (Dyer et al.,
2008; Vergé et al., 2007, 2008, 2009a,b), except for
the addition of a mixed crop defined as “other small
grains” in the Canadian agricultural census records.
Although small, this crop class is used by the Alberta
beef producers, the province where most Canadian beef
is raised (Elward et al., 2003).

Journal of Dairy Science Vol. 96 No. 9, 2013
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The nitrogen excretion rates (voided organic nitro-
gen) are now animal specific. They are based on the
volatile solid (VS) excretion instead of the American
Society of Agricultural Engineers (ASAE) default N
excretion rates (ASAE, 2003) only. Animal-specific
VS:N ratios were calculated based on ASAE data and
applied to the VS excretion estimations. These calcula-
tions were done for each commodity and all age-sex
categories.

Off-Farm Model

Life Cycle Calculations. Life cycle inventory
(LCI) was calculated for raw milk transportation from
the dairy farm to the processing plant and for every
dairy plant input mentioned above, except the produc-
tion of raw milk, which was already treated as part of
the on-farm analysis. To assist in modeling, we used
the SimaPro 7.3.2 software (PRé Consultants, Amers-
foort, the Netherlands). Most LCI data sets were based
on the Ecoinvent LCI database (v 2.2, 2010; www.
ecoinvent.org/), and generic Ecoinvent data sets have
been adapted to the Canadian context whenever rel-
evant and possible to increase their representativeness

VERGE ETAL.

of the geographical context of the study. This is espe-
cially the case for truck operation and for electricity
supply, for which an electricity grid mix for 2006 has
been modeled for every province. Furthermore, an aver-
age North American electricity grid mix was used for
all background processes; that is, all processes directly
or indirectly linked to the foreground processes (e.g.,
supply of chemicals, infrastructure production), con-
sidering that these activities may occur anywhere and
most probably in North America.

M:ilk Transportation. Modeling of milk hauling
was based on the Québec value (FPLQ, 2007) reported
in Table 1 and used as a proxy for all other provinces
because Québec was the only province where these
data were available. In addition, it was the largest milk
processing province in Canada (36% of national volume
in 2006).

Life cycle GHG emissions were calculated using an
Ecoinvent process modified to reflect North American
truck transportation. The pumping, cleaning, and dis-
infection of milk tank trucks were not accounted for
because of lack of data. The intensity indicator, or emis-
sion factor, calculated for milk transportation was 13.6
g of CO, equivalents (COye) per liter of milk hauled.

Table 1. Input and output flows for dairy processing in Canada, in 2006

Amount Source

Item Unit

Milk production and hauling
Raw milk production, at farm L
Loss at farm and during hauling %
Average hauling distance km
Average volume per haul L

Dairy processing input
Raw milk’ L
Electricity MWh
Natural gas TJ
Heavy fuel oil TJ
Middle distillates TJ
Propane TJ
Water use kg /kg of raw milk

Sodium hydroxide

Nitric acid

Sulfuric acid

Phosphoric acid

Refrigerant make-up (HCFC-22)
Dairy processing output

mg/kg of raw milk
mg/kg of raw milk
mg/kg of raw milk
mg/kg of raw milk
mg/kg of raw milk

Cheese kt
Cottage kt
Creams kt
Sour cream kt
Yogurt kt
Fluid milks kt
Buttermilk kt
Frozen dairy products kt
Powders kt
Concentrated milks kt
Butter kt
Wastewater kg/kg of raw milk

Refrigerant (HCFC-22) mg/kg of raw milk

7,410,083,200 Dairyinfo, 2011

0.9 Calculated from balance
176.4 FPLQ, 2007
16,934 FPLQ, 2007

7,392,032,100

Dairyinfo, 2011

916,148 CIEEDAC, 2010
6,418 CIEEDAC, 2010
213.2 CIEEDAC, 2010
225.2 CIEEDAC, 2010
4.1 CIEEDAC, 2010
1.5 Kershaw and Gaffel, 2008
897 Kershaw and Gaffel, 2008
285 Kershaw and Gaffel, 2008
436 Kershaw and Gaffel, 2008
63 Kershaw and Gaffel, 2008
7.13E-04 Nutter et al., 2009
547.8 Dairyinfo, 2011
27.8 Dairyinfo, 2011
238.7 Dairyinfo, 2011
46.0 Dairyinfo, 2011
243.6 Dairyinfo, 2011
2,809.3 Dairyinfo, 2011
14.1 Dairyinfo, 2011
237.0 Dairyinfo, 2011
102.2 Dairyinfo, 2011
45.8 Dairyinfo, 2011
78.8 Dairyinfo, 2011
1.7 Kershaw and Gaffel, 2008
7.13E-04 Nutter et al., 2009

"Raw milk at 3.7% fat; specific gravity: 1.031 kg/L.

Journal of Dairy Science Vol. 96 No. 9, 2013
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Interprovincial exchanges of milk occurring through
pooling agreements within Canada were considered.
The trade of raw milk within the eastern provinces was
accounted for [G. Rainville, Fédération des Producteurs
Laitiers du Québec (FPLQ), Longueuil, QC, Canada,
personal communication, 2011].

Dairy Product Processing Plants. Table 1 re-
ports the input and output flows of Canadian dairy
processing plants in 2006. Energy use data were ob-
tained from the Canadian Industrial Energy End-Use
Data and Analysis Centre (CIEEDAC, 2010) for the
dairy products manufacturing sector (North-American
Industry Classification System’s industry no. 3115).
Data are for all operations at plant, including condi-
tioning, cleaning, and refrigerated storage.

National energy use data have been disaggregated
based on the share of each province to the overall na-
tional raw milk input. Direct energy use is the main
contributor to GHG emissions from dairy plants and,
since specific Canadian energy consumption data of
the dairy industry are used within the current model,
the calculated GHG emissions are representative of the
Canadian dairy industry. However, the same energy
consumption per unit of raw milk processed and the
same share of fuels were used across every province.

Losses occur in milking houses and during transpor-
tation. Milk is also discarded when animal diseases are
detected. These losses make up the difference between
yearly milk production calculated from the number
of cows and the amount of milk actually processed in
manufacturing plants. In 2006, for example, the differ-
ence was 0.9% (7.41 x 10” vs. 7.34 x 10’ L; Dairyinfo,
2011). Other dairy processing input and output data
were gathered from the international scientific and gray
literature, with a preference given to national figures
regarding water use, wastewater generation, caustic
soda, and acid cleaners (Table 1). Consumption of
packaging materials expressed in raw materials such
as bleached paperboard, plastic resins (e.g., polypro-
pylene, high-density polyethylene, low-density poly-
ethylene, polystyrene), aluminum, corrugated board,
cardboard (Brachfeld et al., 2001; CNE, 2007; British
Columbia Dairy Council, 2008; Bisser and Jungbluth,
2009; Polytainers, 2012; TetraPak, 2012). Although
packaging materials inventory is still underway, various
packaging scenarios are provided within the model for
fluid milks and yogurts. A generic average distance of
500 km for materials and chemicals supply was used,
but the model allows for a sensitivity analysis with
shorter and longer distances (200 and 800 km). Data
on solid residues (onsite packaging residues and organic
residues not discarded with wastewater) are still to be
collected.

6095

Limatations and Potential Improvement of the
Dairy Off-Farm Model. Inventory data for water
use and wastewater generation, refrigerant and chemi-
cal use, and for some packaging (expected to be the
third contributor to dairy products carbon footprint af-
ter milk production and onsite energy use) were generic
data collected from the literature and industry reports
worldwide. Emphasis was placed on finding either Ca-
nadian or US data, or data representative of the dairy
industry of a whole country (e.g., the Australian dairy
industry sustainability report), and avoiding specific
data coming from only a few plants, as well as outdated
data. Consequently, the technological representative-
ness of the Canadian dairy industry is only partial.

Because of the lack of provincial data on energy
use and data gaps in dairy product outputs for each
province, the provincial results, so far, have limitations.
Hence, current provincial results differ mainly owing to
the different electricity grid mix used and the consider-
ation of interprovincial milk exchanges for some eastern
provinces.

The provincial estimate is thus biased if the dairy
product portfolio varies significantly from one province
to another. It is unlikely that provincial data on energy
use will be available from statistical sources because
these data are confidential. Surveying plants or com-
panies is an option but we anticipate reluctance of
companies to provide data because of the high level of
concentration in this sector (75% of the dairy market
is held by only 3 groups). The most readily available
improvement would be to assess the provincial dairy
products’ portfolio by addressing the few data gaps
that have been found in statistics from the Canadian
Dairy Commission.

Another limitation of the model is related to the
lack of information about uncertainty for most of input
data, especially for energy use data. Consequently, this
issue has not been addressed yet within the study, and
GHG estimates are expected to be representative aver-
ages, although provided without standard deviation.

Off-Farm GHG Emissions. Most of the off-farm
emissions are CO, emissions from the combustion of
fossil energy—either diesel for transportation or natural
gas or other fossil fuels used in industrial boilers. Also,
the food industry is an intensive consumer of electricity
(Maxime et al., 2010), the production of which leads to
significant indirect GHG depending on the provincial
electricity grid mix. The direct and indirect emissions
from these energy sources were thus considered, as well
as those from the supply of other inputs such as chemi-
cals for cleaning operations, water, refrigerant make-
up, and packaging materials. The model uses data from
a life cycle inventory database that allows the capture

Journal of Dairy Science Vol. 96 No. 9, 2013
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of GHG emissions over the whole life cycle of these
materials and utilities, including their transportation
up to the food processing plant. Emissions of refrig-
erants that have a global warming potential are also
accounted for. Emissions from food ingredients such as
sugar, salt, stabilizers and other additives are not ac-
counted for due to a lack of data.

Co-Products and Allocation Approaches

Overview. As illustrated in Figure 2, GHG emis-
sions have to be allocated at different phases of produc-
tion. Several of the processes accounted for are mul-
tifunctional, leading to co-products fulfilling different
functions. This is the case for cattle feed production,
in which vegetable oil is co-produced with canola and
soybean meal, as well as for dairy system’s co-products
such as milk and meat from dairy farms (surplus calves
and culled cows) and cream and fluid milk from fluid
milk manufacturing plants. For dairy plant co-products,
allocation is needed because, (1) the dairy manufactur-
ing sector is considered as a whole, assuming all dairy
plants are multi-output integrated plants delivering the
dairy products portfolio; and (2) data on inputs (e.g.,
energy use) and products outputs for these processing
sectors are only available at the aggregated level.

Allocation is an important step for any life cycle
footprinting, and results depend highly on the chosen
allocation rule (Feitz et al., 2007; Flysjo et al., 2009).
The International Organization for Standardization

m Share of yearly GHG emissions (Total = 8,906 CO2e)

70 %

60 %

50 %

40 %

30%

Share (%)

20%

10%

0%

ETAL.

(ISO) standards 14040 series (ISO, 2006) proposes a
hierarchy of approaches to the multifunctionality prob-
lem in life cycle assessment (LCA): (1) the subdivision
of multifunctional processes as mono-functional pro-
cesses with their own distinct inputs and outputs, (2)
system expansion, and (3) allocation by splitting up the
amount of the individual inputs and outputs between
the co-functions according to allocation criterion, using
a property of the co-functions (e.g., element content,
energy content, mass, market price).

The subdivision approach is rarely possible for most
of the processes (e.g., crude oil/cake from oilseed press-
ing; meat/milk from dairy cows; dairy products from
multi-product integrated dairy plants). Although at-
tractive, the system expansion approach significantly
complicates the study and was not chosen here. First, it
implies the identification of all marginal products, which
is subject to some subjective economic assessment. Sec-
ond, data collection is significantly greater and not nec-
essarily available at the provincial level. Third, it can
lead to tricky “looped” situations, especially in our case
where a marginal product might actually be the co-
product of another of our subsystem (e.g., soybean oil
might be the marginal product substituting for canola
oil). Thus, allocations based on physical properties
were preferred because they allow more comprehensive
flow analyses that refer to a physical unit of products
(e.g., 1 L of milk), and also because mass or energy bal-
ances can be calculated. Most of them comply with the
LCA guidelines recently published by the International

Share of early production (total = 4,391 kt)

X o < &2 C
& & S & & &
) o o o 5 <
o Q¢ Q e
< . \‘:\ Q‘*
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) &~
(01’0 S
&

Dairy products

Figure 2. Annual (2006) production of dairy products in Canada and resulting greenhouse gas (GHG) emissions.
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Dairy Federation, which has recommended allocation
approaches for the co-products encountered along the
dairy production chain (IDF, 2010).

On-Farm Allocations. For the dairy industry, we
used the allocation factors suggested by the Interna-
tional Dairy Federation (IDF, 2010). Therefore, 85.6%
of all GHG were allocated to milk production and
14.4% were attributed to meat from cows sold as culled
mature animals and veal (grain- and milk-fed calves).

For soybean and canola meal used in animal rations,
we used a mass allocation approach. For soybean, the oil
percentage was provided by the Canadian Grain Com-
mission (CGC, 2011). Analysis performed on soybean
seeds grown in Canada showed that, on a DM basis,
oil contents were 21.6%. Therefore, GHG allocated to
soybean meal was estimated to be 0.784. For canola,
seeds were estimated to contain 44.6% oil (CGC, 2011).
However, these data correspond to oil content estimated
on an 8.5% moisture basis. The allocation factor used
was therefore estimated to be 0.487.

Allocation for the Dairy Processing Industry.
As previously mentioned, the dairy processing sector is
considered as a whole and it is assumed that all dairy
plants are multi-output integrated plants delivering the
dairy product portfolio. Therefore, the dairy processing
sector is considered to be one “box,” and the allocation
matrix (described below) is the “tool” that partitions
inputs and effects of the co-products’ portfolio (Figure
1). The approach developed by Feitz et al. (2007) for
multi-products dairy plants was used. A physicochemical
allocation matrix for 11 dairy products was developed
for this study considering 6 inventory flows (raw milk
and its transportation, total water use and wastewater
generation, electricity, fossil fuels for thermal energy,
alkaline cleaners, and acid cleaners). For raw milk, the
allocation criterion was based on the degree of milk sol-
ids (fat, protein, lactose, and minerals) concentration in

6097

the final products. For other inventory flows, allocation
criteria were derived from plant audits by the authors
(Feitz et al., 2007). Because they are product-specific,
packaging materials are not allocated but are indi-
vidually assigned to the corresponding product. For all
flows except raw milk input, Feitz’s allocation factors
have been applied to the dairy products chosen for this
study (Table 2). This allocation method is the one rec-
ommended by the International Dairy Federation (IDF,
2010) and has been used by different authors (Flysjo
et al., 2009; Lundie et al., 2009; Nilsson et al., 2010;
Heller and Keoleian, 2011). For the raw milk input flow,
which has the highest level of upstream GHG, we cal-
culated Canadian-specific allocation factors. The milk
solid concentration ratios were estimated for 34 dairy
products (most are presented in Figure 2), based on the
milk composition provided by the Canadian Nutrient
File (Health Canada, 2011). The raw milk allocation
factors were then calculated for these 34 products using
production data from Dairyinfo (2011) and aggregated
to obtain factors for the 11 main dairy products pre-
sented in Table 2. This aggregation was necessary to be
consistent with the Feitz’s allocation matrix dimension
(Feitz et al., 2007). Table 2 presents the allocation fac-
tors used for the dairy processing sector.

Calculation of the Final Intensity Indicator

Agricultural intensity indicators, which correspond
to CF, were calculated by dividing the total quantity
of the allocated GHG emissions by the quantity of the
agricultural product associated with these emissions.
Units are kilograms of CO.e per kilogram of agricul-
tural product. For comparison purposes, GHG emis-
sions were also calculated per kilogram of protein (Dyer
et al., 2010b). The final intensity indicator accounts for
all GHG from cradle to the exit gate of the processing

Table 2. Factors (unitless) for allocating input and output inventory flows (columns) between dairy co-products (rows) for the transportation

and the dairy processing step'

Raw milk and raw Fossil Water use and Alkaline Acid
Dairy product milk transportation Electricity fuel waste water cleaners cleaners
Cheese 0.34 0.20 0.17 0.47 0.38 0.68
Cottage 0.01 0.003 0.004 0.003 0.01 0.02
Creams 0.06 0.02 0.02 0.02 0.02 0.003
Sour cream 0.01 0.004 0.004 0.004 0.004 0.001
Yogurt 0.04 0.13 0.08 0.04 0.02 0.003
Fluid milk 0.31 0.25 0.26 0.26 0.22 0.03
Buttermilk 0.002 0.001 0.001 0.001 0.001 0.0002
Frozen dairy products 0.05 0.29 0.003 0.10 0.21 0.00
Powders 0.10 0.07 0.34 0.07 0.10 0.16
Concentrated milks 0.01 0.02 0.08 0.02 0.03 0.06
Butter 0.07 0.02 0.04 0.02 0.01 0.05
All products 1.00 1.00 1.00 1.00 1.00 1.00

"For example, 34% of the 7,392,032,100 L of raw milk’s GHG and raw milk transport’s GHG are to be allocated to 547.8 kt of cheese (data

from Table 1).
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plant but the result is not the direct addition of the
3 intensity indicators (on-farm, transportation, and
processing plant) calculated separately. Indeed they do
not have the same unit: the first 2 are given per unit
of farm product (raw milk) and the third is given per
unit of manufactured product. Moreover, losses that
have to be accounted for occur at different steps before
the processing of the farm product, and imported farm
products with their specific on-farm and transporta-
tion intensities have also to be accounted for. It has
to be noted that no reported trading of raw milk oc-
curs. Concerning losses, the underlying assumptions are
that when loss of product occurs, the embedded GHG
emissions are attributed to the remaining product. Al-
though incidental, any loss is inherent to the demand
of the product. For instance, if a processor needs 1 L of
milk, the farmer will produce more than 1 L (e.g., 1.05
L) in anticipation of the losses of raw milk to satisfy
this demand. The GHG emissions embedded within
this extra 0.05 L must thus be charged with the 1 L to
be processed.

When data on losses were not precise enough to
identify where they occurred between the farm and the
processing plant, then the amount lost was assumed to
be the same before transportation and after transporta-
tion and equal to half the amount lost.

The final intensity indicator (CF) for each manufac-
tured product (Pz) was calculated by adding the total
amount of GHG emitted by the production (TotGH-
Gpuym) and transportation (TotGHGy,.,,) of the farm
outputs to the processing industry to all GHG from
all other input and output flows of the industry for
the year considered (TotGHG}, ). A factor (AF) is then
used to allocate this total to each manufactured prod-
uct (Pz) coming out of this industry. Once allocated,
the respective total of allocated GHG is divided by the
total yearly weight of the product. These calculations
can be summarized as follows:

(TotGHGp,,,, + TotGHG 1, +TotGHG,,, ) x AFp,

CFP’I‘ =
b kg of Pz

Presenting the results per kilogram of product could,
however, be misleading for future comparison with non-
dairy products, such as soymilk. To avoid this limita-
tion, we also calculated the amount of GHG produced
per kilogram of protein content. The percentage of pro-
tein used in calculations is presented in Figure 3. When
the product listed was a generic product, the value
corresponded to a weighted percentage of the protein
content of each of the identified subproducts. For the
frozen dairy product category, data on the percentage
of protein were not available for all subproducts and
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this generic category was therefore not considered. The
protein percentages came from Milk Ingredients (2012),
except for buttermilk, whose percentage was provided
by Health Canada (2012).

RESULTS

The following section presents the total GHG emis-
sions and the intensity indicators. The GHG emissions
for the on-farm and off-farm activities are presented
for the raw material (raw milk) and for dairy products.

Total GHG Emissions

Table 3 presents the total GHG emissions for all 3 ag-
ricultural GHG (CHy, N,O, and CO,) in tonnes of COse
for the year 2006 and shows the share of emissions (%)
coming from on-farm and off-farm activities. It also
presents the dairy animal population for the same year.
This population takes all dairy categories into account,
including lactating (cows) and nonlactating categories
such as bulls, heifers for replacement, and calves, as
they are all needed to be able to keep producing milk
over years. The number of cows alone represents on
average of about 50% of these populations (with a
minimum of 48% in Ontario and a maximum of 55% in
British Columbia).

In Canada, most of the dairy animals are raised in
the east and, because emissions depend mainly on the
animal population, most of the GHG emissions from
the dairy industry occur in these provinces (around
78.5%). Of these emissions, over 90% are emitted on-
farm. Important differences exist between provinces:
the extremes are Alberta and Québec, where the share
in the on-farm emissions varies from 83 to 94%, respec-
tively.

The electricity emission factors (EF), which have a
large effect on the off-farm emissions, are presented in
Table 3. These EF include all indirect emissions from
resource extraction, primary energy production and
supply, electricity production in power plants, and
electricity distribution and losses; they include infra-
structure-related emissions. Processes were modeled
from the Ecoinvent LCI database; therefore, the values
presented here differ from those presented in the Na-
tional Inventory Report (Environment Canada, 2012).

GHG Intensity Indicators

Raw Milk. Table 4 presents the intensity indica-
tors for the production of raw milk. The indicators ac-
count for all on-farm GHG emissions allocated to milk
and GHG due to the transportation of milk from the
farm to the processing plant. No emissions from the
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Table 3. Total on-farm and off-farm (transportation and processing plant) greenhouse gas emissions (CO, equivalents, COse) from dairy cattle

by region in 2006

Animal popjulatiom1

Total emissions

On-farm Off-farm Electricity EF?

Region (x10% (Mt of COye) emissions (%) emissions (%) (kg of CO4e/kWh)
Atlantic® 0.11 0.56 89 11 0.593
Québec 0.79 3.25 94 6 0.023
Ontario 0.69 3.17 92 8 0.249
East’ 1.59 6.98 92 8

Manitoba 0.08 0.35 93 7 0.054
Saskatchewan 0.05 0.24 85 15 0.820
Alberta 0.16 0.73 83 17 1.029
Prairies’ 0.30 1.32 86 14

British Columbia 0.13 0.60 92 8 0.046
West’ 0.43 1.92 88 12

Canada 2.02 8.91 91 9 0.256

ncludes cows, bulls, heifers, and calves.
*Emission factor.

Includes all Atlantic Provinces.

‘Includes Atlantic, Québec, and Ontario.
’Includes Manitoba, Saskatchewan, and Alberta.
SIncludes Prairies and British Columbia.

processing step were included in these indicators; most
of GHG emissions are produced on-farm. The share of
the milk transportation represented from 2.21% in the
Atlantic Provinces to 2.63% in British Columbia, with
a Canadian average of about 2.5%.

The average intensity indicator for Canada was 1.1
kg of CO.e/L of raw milk produced and varied between

0.88 and 1.17 in British Columbia and the Atlantic
Provinces, respectively. On average, the highest values
were found in the west with 1.15 kg of CO,e/L of milk
compared with 0.95 kg of CO.e/L of milk in the east.
Dairy Products. As shown in Figure 2, fluid milk,
cheese, yogurt, ice cream, and cream are the major
dairy products processed in Canada. Fluid milk is by
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Figure 3. Carbon footprint of Canadian dairy products expressed per kilogram of protein content. GHG = greenhouse gas; COse = CO,
equivalents; NA = not applicable (the range of the protein percentage of this food category was too large).
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Table 4. Intensity indicator [kg of CO, equivalents (COye)/L of milk] of raw milk by region in 2006

On-farm intensity

Region' indicator Total GHG?
Atlantic 1.14 1.17
Québec 1.11 1.14
Ontario 1.12 1.15
East 1.12 1.15
Manitoba 1.05 1.07
Saskatchewan 0.94 0.96
Alberta 0.95 0.97
Prairies 0.97 1.00
British Columbia 0.86 0.88
West 0.93 0.95
Canada 1.07 1.10

'Regions as defined in Table 3.

*On-farm + transportation only (no emission from the processing plant); GHG = greenhouse gas. Note: it is
possible to obtain the value associated with transportation only by subtracting the on-farm value from the

total GHG.

far the most important source for almost two-thirds of
the annual tonnage. However, in terms of GHG, fluid
milk and cheese account for about one-third of the
emissions, followed by powdered products such as milk
powder (12%), butter, cream, and frozen products (6%
each).

Several of the dairy products presented in Figure 2
correspond to generic categories representing different
types of production. For example, the cheese category
combined the following group of products: Cheddar,
Mozzarella, specialty cheese, and processed cheese. The
fluid milk category includes milk with different fat con-
tent (3.25, 2, 1%, and skim milk), buttermilk, chocolate
milk, and eggnog. In 2006, 2% fat milk accounted for
almost half of the fluid milk production, followed by 1%
fat milk (22%), 3.25% fat milk (15%), skim milk (10%),
and chocolate milk (7%).

The intensity indicators for each of the product listed
in Figure 2 are presented by region and for Canada

overall in Table 5. Considering the results obtained in
Table 4, it was not surprising to find the lowest intensi-
ty indicator in British Columbia and the highest in the
Atlantic. Also, intensities were generally higher in the
east than in the west. Most of the intensity indicators
were between 1 and 3 kg of CO,e/kg of product. Three
products had, however, significantly higher intensity
indicators: cheese (5.3 kg of COqe/kg), butter (7.3 kg of
COse/kg), and powders (10.1 kg of COse/kg).
Emissions on a protein basis and protein content per
product are presented in Figure 3. Most of the values
were between 13 and 40 kg of CO,e/kg of protein. Two
products had higher values: cream and sour cream with
83 and 78 kg of CO.e/kg of protein, respectively. How-
ever, the highest value was for butter, with about 730
kg of CO.e/kg of protein. This extremely high value is
due to the high emissions in this intensity indicator and
to butter being almost exclusively fat (protein content

is 1%).

Table 5. Carbon footprint [kg of CO, equivalents (CO4e)/kg of product| by region for several nonpackaged dairy products in 2006

Region'
Dairy product BC AB SK MB Prairies West ON QC Atlantic East Canada
Cheese 4.2 4.9 4.8 5.1 4.9 4.7 5.5 5.4 5.7 5.4 5.3
Cottage 1.4 1.6 1.6 1.7 1.6 1.6 1.8 1.8 1.9 1.8 1.8
Creams 1.7 1.9 1.9 2.0 2.0 1.9 2.2 2.2 2.3 2.2 2.1
Sour cream 2.0 2.3 2.3 2.5 2.3 2.2 2.6 2.6 2.7 2.6 2.5
Yogurt 1.2 1.8 1.7 1.4 1.7 1.5 1.6 1.5 1.8 1.5 1.5
Fluid milk 0.8 0.9 0.9 0.9 0.9 0.9 1.0 1.0 1.1 1.0 1.0
Buttermilk 0.9 1.1 1.0 1.1 1.1 1.0 1.2 1.1 1.2 1.2 1.1
Frozen dairy products 1.5 2.8 2.5 1.8 2. 2.1 2.2 1.9 2.6 2.1 2.1
Powders 8.3 9.6 94 9.7 9.6 9.1 10.4 10.2 10.8 10.3 10.1
Concentrated milks 2.6 3.1 3.1 3.0 3.1 2.9 3.2 3.1 3.4 3.2 3.1
Butter 5.9 6.6 6.5 7.1 6.7 6.4 7.6 7.5 7.8 7.6 7.3

'BC = British Columbia; AB = Alberta; SK = Saskatchewan; MB = Manitoba; Prairies = weighted average for Manitoba, Saskatchewan, and
Alberta; West = Prairies and British Columbia; ON = Ontario; QC = Québec; Atlantic = all Atlantic Provinces; East = Atlantic, Québec, and

Ontario.
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Table 6. Detailed greenhouse gas (GHG) emissions (% of total) by
production steps and processing for 2 dairy products in 2006

Step Fluid milk’ Yogurt?
Farm production 86.9 72.2
Transportation 1.0 0.9
Processing 6.5 16.8
Packaging 5.5 10.1
Total 100 100
Processing (detailed)
Electricity 28.5 41.0
Fossil fuels 66.6 57.3
Water and wastewater 1.6 0.7
Cleaners 1.5 0.3
Refrigerants 1.9 0.7
Total 100 100

"Total emissions including packaging = 1.00 kg of CO, equivalents
(CO4e) /kg of fluid milk; packaged in polycoated carton (0.5 gal).

*Total emissions including packaging = 1.75 kg of CO,e/kg of yogurt;
packaged in polystyrene tubs (4 x 125 g).

All GHG emissions presented in the previous sec-
tion and in Figure 3 did not include the packaging ef-
fect. For completeness and to be able to evaluate hot
spots and identify mitigation practices, the effect of
the packaging production on the total GHG emissions
within the boundaries of the study was estimated. The
calculations were performed for 2 products with very
different effects: a low-processed product, fluid milk,
and a more-processed product, yogurt. Table 6 presents
the results categorized by source.

For off-farm emissions, the most important source
was processing, followed by packaging and transporta-
tion. Percentages were higher for yogurt than for fluid
milk, and the difference between the processing and
packaging sources was also greater for yogurt than
for fluid milk. Table 6 also details emissions for the
processing step. Fossil fuel and electricity use was, by
far, the greatest contributor. Fossil fuel was the highest
for the 2 products, but the difference with electricity
was smaller for yogurt, which relies more on electric
processing than fluid milk.

DISCUSSION

GHG Emissions—Sources and Trends

Total emissions observed per province (Table 3) re-
flect the provincial level of milk production. Québec
and Ontario, totaling more than 70% of the national
production, emit almost 4 times more GHG than all
the other provinces together. Most of the emissions
(about 90%; Table 3) are related to agricultural produc-
tion. Important differences exist, however, among the
provinces: the share of GHG emissions from off-farm
activities goes from 6% in Québec to 17% in Alberta.
These differences depend on both on-farm and off-farm
production efficiencies.
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The on-farm efficiency is presented in Table 4
through the intensity indicator. Québec, Ontario,
and, to a lesser extent, Manitoba, showed relatively
high indicator values, which explains the high on-farm
percentage presented in Table 3. This was essentially
due to the higher N,O emission because of the wetter
climate in these regions. It was also correlated to the
regional specificities observed in the Canadian dairy
sector. The animal population is much lower in western
provinces than in eastern ones and the dairy sector is,
on average, more industrialized. For instance, the cow
percentage of the dairy herd is higher in the west (55%)
than in the east (49%), which means that nonmilking
animals (bulls, heifers, and calves) are less represented
and milk efficiencies, in regard to GHG emissions, are
higher. Also, Holstein is the main breed across Canada
because it is the most productive dairy breed, but the
eastern dairy herd is more diversified: 5 breeds are well
represented in Québec (eastern province) whereas only
1, Holstein, is raised in Saskatchewan (western prov-
ince). It is advantageous to be able to diversify dairy
products (Dairyinfo, 2012); however, because high milk
yield is generally correlated to low carbon footprint
(Kristensen, 2011), this situation has greater benefit for
the western provinces, where the most productive dairy
cattle are found (7,700 vs. 7,300 L of milk as weighted
average for west and east, respectively).

The average Canadian CF was 1.07 kg of CO,e/L of
milk, ranging from 0.86 to 1.14 kg of CO,e/L of milk
(Table 4). This result is close to the average value re-
ported by European studies (Gerber et al., 2010a) and
similar to that calculated by Williams et al. (2006) for
conventional dairy farms in England and Wales (1.06
kg of COse/L of milk). In this “cradle to farm gate”
study, Williams et al. (2006) showed that organic farms
had a higher CF (1.23 kg of CO.e/L of milk). However,
this lower efficiency does not necessary reflect the true
environmental impact because organic farmers produce
more meat per kilogram of milk (Flysjo et al., 2012).
It is also interesting to note that Cederberg and Matt-
son (2000) found that the global warming potential of
organic milk was about 13.6% lower than that of milk
from conventional milk production.

When no on-farm positive relationship, (i.e., high
indicator value, Table 4, with high percentage, Table
3) was observed, results were mainly dependent on
off-farm efficiencies. This was the case for Alberta,
Saskatchewan, the Atlantic Provinces, and British
Columbia, where off-farm energy use was the main
parameter to consider. It represented 95.1 and 98.3%
of the processing emissions, depending on the product
(Table 6).

Energy can be divided into 2 groups: fossil fuels
(mostly natural gas) and electricity. It is assumed
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that the energy efficiency of boilers is the same across
Canada; thus, emissions associated with fossil fuel
combustion do not differ from one province to another.
Conversely, indirect GHG emissions from electricity
production vary significantly across the provinces de-
pending on the mix of electricity production (Table 3).
In Alberta, where electricity is mainly based on the
use of fossil energy, the EF is the highest. For British
Columbia, it is the second lowest (after Québec), and in
the Atlantic Provinces the third highest (after Alberta
and Saskatchewan; Table 3). Therefore, provinces hav-
ing low electricity EF, such as British Columbia, tend
to have low off-farm emissions. Those with high EF,
such as Alberta and the Atlantic Provinces, tend to
have relatively high off-farm emissions.

The on-farm part of milk production and energy use
during processing are the 2 largest contributors to the
total GHG emissions of the dairy industry in Canada.
As a result, any dairy product requiring a large amount
of milk and its solids per kilogram and for which pro-
cessing is energy intensive will show a higher CF than
any minimally processed product necessitating a low
amount of raw milk per kilogram. For instance, milk
solids content per kilogram of butter, Cheddar, and
skim milk powder are 1.2, 5.1, and 7.9 times higher,
respectively, than that of raw milk. Conversely, the
milk solids concentration factor for yogurt is only 1.2
(Health Canada, 2011). The CF pattern (Table 5)
shows that fluid milk (mostly 2% fat milk) has the low-
est CF, whereas cheese, butter, and powdered products
have CF 5, 7, and 10 times higher, respectively, and
yogurt only 1.5 times higher. Note that results could
be slightly different because emissions from additives
(e.g., sugar, salt, stabilizers) were not accounted for in
these calculations because of the lack of data. Concern-
ing yogurt, these values are in a good agreement with
those obtained by Biisser and Jungbluth (2009). Those
authors calculated a CF of 2 kg of CO,e/kg of product
but the boundaries of the study were from “cradle to
the consumer fridge.” The yogurt production only (in-
cluding milk production and its fermentation to yogurt
in dairies) was estimated to represent about 60% of the
total emissions or 1.2 kg of CO,e/kg of product.

Thermal treatments such as evaporation and pas-
teurization are the most energy intensive processes in
the food industry. Evaporation is involved in the pro-
duction of condensed products and powders (e.g., milk
powder or whey powder). Although a far less significant
source of GHG than milk production, emissions from
thermal treatments (through fossil fuel combustion for
heat production) add up to that of the raw milk (Table
6). Therefore, the contribution of the processing step
to the carbon footprint is much more pronounced for
yogurts (which undergo a much more severe pasteuriza-
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tion than fluid milk, plus an incubation thermal rest),
around 16.8% (Table 6). The processing step is also
important for frozen products, but the emissions are
mostly related to use of electricity for freezing and low
temperature storage.

Reporting Units

In this study, the CF results were presented using 2
different units: per kilogram of product and per kilo-
gram of protein content. When comparing fluid milk
and yogurt footprints, the CF of yogurt was 55% higher
than that of milk when reported per kilogram of prod-
uct (1.5 vs. 1.0 kg of COse/kg), but only 23% higher
when reported per kilogram of protein because of the
higher protein density in yogurt than in fluid milk. For
cheese and cream, results were not only different in
magnitude but also reversed: 5 and 2 kg of CO,e/kg of
product for cheese and cream, respectively (Table 5),
and 22 and 83 kg of CO,e/kg of protein content (Figure
3). The most important and critical change occurred
for butter. Because this product has very low protein
per unit of mass, emissions are extremely high per unit
of protein: about 7 kg of CO.e/kg of product and 729
kg of CO.e/kg of protein content. Therefore, because
results are directly linked to the reporting unit, the way
that the environmental impact of products is reported
could lead to very different interpretations. Hence, for a
meaningful comparison of the environmental footprint
of foods, it is recommended to first identify the main
function of the product—what main source of nutrient
is the product providing and for which nutrient(s) is
the product consumed?—before choosing the relevant
reporting unit and making a comparison with other
food products. In practice, dairy products serve sev-
eral functions depending on the product, and functions
would have to be identified for each of them, such as
source of protein, source of fat, or source of carbohy-
drate. For instance, fluid milk, yogurt, or cheese would
be compared with protein-rich competitors such as red
meat, poultry meat, or legumes on a protein content
basis, whereas butter and cream would be more logi-
cally compared with vegetable oils and spreads on a fat
content basis. A more thorough study should consider
the nutritional balance of the product with respect to
dietary reference intakes (all fat, all carbohydrates, or
all protein are not equal from a diet perspective), as
well as the technological function a food ingredient
can serve (e.g., milk and meat are not fully substitut-
able because milk is an ingredient for various recipes,
whereas meat is not).

However, the question of the reporting unit arises
differently when no comparison is sought and when the
environmental impact is only assessed to establish the
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profile of a specific product. In this case, the objective
is not to compare the environmental merits of two (or
more) specific products but to study the environmental
impact of a given production. The choice of the report-
ing unit is then crucial because it greatly influences the
results.

CONCLUSIONS

Having set the boundaries of this study from cradle to
the exit gate of the processing plant, the on-farm con-
tributions were estimated to be about 90% (Canadian
average) of total GHG emissions. Variations between
provinces were related to on-farm practices and envi-
ronmental conditions, such as climate, and, to a lesser
extent, off-farm parameters such as energy source. The
on-farm emissions are potentially better controlled by
the dairy sector than off-farm emissions because they
are mainly related to farm practices and less by uncon-
trollable parameters such as weather. Off-farm emis-
sions are mainly linked to the use of energy, primarily
electricity. In the present study, GHG emissions from
industrial wastewater treatments were estimated but
this aspect of the modeling deserves improvement,
thereby allowing consideration of the abatement po-
tential of the associated mitigation practices. However,
the contribution to the total emissions is relatively low.
Finally, for comparison purposes, the reporting unit
must be defined on the basis of the function of the food
products and a comparison of all products presented
cannot be done. This study indicated that any inter-
pretation based on the current units (mass of product
or protein content) might not be ideal when reporting
emission intensities for food products. A protein basis
was used in this study, but a similar problem would be
encountered if using the percentage of either fat or car-
bohydrate. Functionality has to be considered, but it
might be insufficient for food product labeling because
different reporting units (adapted to a specific food
product) will be used, and the resulting confusion could
lead consumers to lose confidence in such labeling. One
common function to describe all of these products is
the need to feed people. Therefore, is it also possible to
find a common reporting unit for all food products? A
standardized methodology will certainly have to be de-
veloped and a more comprehensive approach will have
to be used. More research is therefore needed to explore
this very important LCA topic.
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