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Figure 11. Overall carbon foot print foBldomestic pork with electricdmome cooking. The results with

electricity are slightly larger GWP impact as compared to natural gas cooking (i.e., base case scenario) shown in
Figure 6.

Figure 12. Gatéo-Gate impact of pork processing. The contribution is driven almost exclusively by natural gas and
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dry ice. Note that this diagram reference flow for processing is 1kg of dressed carcass, not boneless meat for
consumption.

Figure 13. Overall carbon foot print for US domestic pork using a mass allocation approach of feed byproducts
Changing the allocation methodology for DDGS triples its contributithretootprint (from 0.55 to 1.82 kg

CQe/kg boneless meat) resulting in its contribution exceeding that of manure management. Following 1ISO
guidelines, the allocation method for soy meal was also changed; however the change is not as dramatic as for
DDGs.

Figure 14. Cumulative metric tons of CO2e associated with swine consumption in the U.S. These estimates are
based on federally inspected unitgo@ted for the regions shown in the legend. The total boneless weight
estimated from these data correlate very closely to the per capita pork consumption reported by the Economic
Research Service (47 Ib/person/year). This analysis does not account $bruttere of the industry where sow
operations are not necessarily near the nursery finish operations. For purposes of this analysis, the sow operation
footprint was estimated as coming from the same region as the finished animals.

Figure 15. Comparison of relative contributions of supply chain stages for under different scenarios.

Figure 17. Histogram showing probability distribution of carbon footprint based on uncertainties in input data. This
simulation was performed with a farm model using an deep pit for manure treatment

Figure 15. Comparison of regional differences and the effects of uncertainty in emission factors for manure

management systems.
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1 Abstract

The National Pork Boad2 YYA a4 a A2y SR (KS | YyAGSNEAGE 2F I Nyl Y
to conduct a life cycle assessment (LCA) of W® porksupply chain with primaryfocus on defining
greenhouse gas (GHG) emissio@41G emissions areommonly defined in terms of the cumulative
global warming potential (GWP) of all greenhouse gases emitted for a system or product, and in this
case across the supply chain necessary to provide pork products to the consumer. The GHG of primary
concern arecarbon dioxide €Q); methane (CkJ; nitrous oxide K,O); and common refrigerants. The
GWP for a system is reported in terms of carbon dioxide equivalentge@eérived by converting non
CQ3dla SyArAaairzya G2 Fy Slda @t Sydq. P taslgsis ivas gdrriddy A y 3 L
out for the functional unit of the consumption of one serving (4 ounces) of boneless poinksystem
study boundaries mcompassed feed production; swimgoduction; delivery to processor; processing;
packaging; distribution; retail; and consumption/disposéhe primarytime frame for the studywas
2009

The production system considered activities performed in support of pork production and
delivery, exending to GHG burdens of raw material extraction such as fertilizer production, primary fuel
extraction, delivery, combustion and, for electricity, transmission and distribution losses. The system
specifically included production of polystyrene and othmckaging material. Also, the impacts of
distribution and refrigeration, as well as product loss through the supply chain, were included.

Raw data were provided from industry experts and standard swine industry handbooks.
Regionally specific data foedd cropswere taken from farm extension and the National Agricultural
Statistical Service regarding the energy @ldGemissions associated with productiorAdditional input
data for fuels and electricity consumption for crop production were obtained fritva technical
literature, state agricultural extension services, the US Department of Energy, the USDA, and other
academic institutions. GHG emissions from manure were calcylatskd on IPCC recommendatigns
from ASABE manure management guidelfnas from the Purdue Pork Industry HandbookTransport
emissions from producer to processor and from processor to distributor were calculated from

information provided from industrial sources. And, cratbegrave contributions from packaging

'Dong, H., Mangino, J., Mcallister, Hatfield, J. L., Johnson, D., Lassey, K. R., et al. (2006) Chapter 10
emissions from livestock and manure management. 2006 IPCC Guidelines for National Greenhouse Gas
Inventories.

> American Society of Agricultural Engineers, 2005 ASAE D384.2 MARROOBe Production and
Characteristics.



included poduction of raw materials (polystyrene, shrink wrap, paper etc.) and ultimate disposal of the
materials.

This report summarizes a scan level carbon footprint analysis for a single serving of pork
prepared for consumption through evaluation of GHG emissi across the entire production and
delivery system with relatively low resolution and high data aggregagithmat is, it is not for a specific
production system, but represents an overall average of US production, processing, and distribution
systems. The available life cycle data, by production stage, and the methodology for calculation of the
carbon footprint are described. It was found that the major impacts of swine production occur in crop
production, manure management, and retail distribution asmhsumption.The overall estimate of the
carbon footprint for preparation and consumption of one dnze serving was found to 22 1b CQe
with a 95% confidence band from&8llb CQe to 2.7 Ib CQe. Please note that the metric system was
used for allour calculations and the final results were converted Eaglish units for presentation.
Overall, the contribution of emission burden for each stage was found to be approximately:

a) 12% fom breeding and lactating so\iacluding feed and manure handling);

b) 60% from nursery to finish (including feed and manure handling);

c) 5.3% from processing and packaging;

d) 9.4% from retail (electricity and refrigerants); and

e) 13.3% from the consumer.

2 Introduction

The National Pork Boabmmissionedhe University of Arkga 8 Q ! LILX ASR {dzaAadGl Ay
to performa life cycle assessment (LCA) of pieek supply chairwhichfocused on defining greenhouse
gas (GHG) emissions. Tperk supply chain is broadly divided into 8 stages; each receiving a separate
analysis thatvere combined to provide thentire life cycle footprint. Thesetages are: feed production;
live swine production; delivery to processor; processing; packaging; distribution; retail; and
consumption/disposal.

Analysis of thegork supply chaircan be usedo providethe insight necessary to identifgritical
leverage points whergin turn, innovation can lead tdncreased efficiency in the supply chain while
simultaneously leading teeductionsin the carbon footprint of porkproducts. This pract has been
conducted in compliance witl50 14040:2006 and 14044:2006 standards for life cycle assesdient.
should be noted that a full LCA should also evaluate impact metrics that include other effects such as

human health impactcosystem qualityand resource depletion.



3 LCA Methodology

LCA is a tool to evaluate environmental impacts of a product or process througf®entire
life cyclewhich for agricultural products begins with production of fertilizers, and tbeap cultivation,
and animal habandrythrough processing, use and disposal of wastes associated with its finalsend
This includes identifying and quantifying energy and materials used and wastes released to the
environment, calculating their environmental impact, interpretirggults, and evaluating improvement
opportunities.

This LCA has been structured following 1ISO 14040:2006, and 1SO 14044:2006 standards which
provide an internationally agreed method of conducting LCA, but leave significant degrees of flexibility
in methoddogy to customize individual projects to their desired application and outcomes.

Figure ldepictsthe core LCA steps artghlights the iterative nature of the procesBhe goal
and scope definibn phase is a planning process, which involves defining and describing the product,
process or activity; establishing the aims and context in which the LCA is to be performed; and
identifying the life cycle stages and environmental impact categories teWiewed for the assessment.

The depth andreadthof LCA can differ considerably depending on the goal of the LCA.

The life cycle inventory analysis phase (LCI phase is the second phasg isfauCiaventory of

input/output material and energy flows/ith regard to the system being studied; it involves identifying

and quantifying energy, water, materials and environmental releases (e.g.: air emissions, solid wastes,

Life Cycle Assessment Framework

'd i

Goal and Scope
Definition

Direct Applications:

- Product development and improvement
- Strategic planning

Interpretation - . Public policy making

- Marketing

- Other

Inventory
Analysis

Impact
Assessment

.
Figurel. Stages of an LCA




wastewater discharge) during eastage of thdife cycle.

The life cycle impact assesem phase (LCIA) is the third phase of the LCA. This step calculates
human and ecological effects of material consumption and environmental releases identified during the
inventory analysis. For this pork study, the Global Warming Potential (GWP) wgsezhahd reported.
GWP is an important effect related to climate change and is one of several common LCIA impact
OFGS3I2NASaD hiKSNAR AyOf dzRS Sdzi NP LKA OFGA2Yy>X | OARAT
be cautioned that interdependenciesay exist between impact categories and poor decisions can be
made when only a single impact metric is used as the basis.

Life cycle interpretation is the final phase of the LCA procedure, in which the resmalts
summarized and discussedts goal is ¢ identify the most significant environmental impacand the

associated life cycle stage, and highlight opportunities for potential change or innovation.
3.1 Goal and Scope Definition

3.1.1 Goal:

Determine GHG emissions associatedhwdelivery, preparation and @nsumption of one
serving of porkto US consumer. Because of the strong link between energy consumption and
greenhouse gas emissions, it is frequently the case that high greenhouse gas emissions are indicative of
opportunities for improved energy efficiencies or conservation. In addititia analysisvill provide an
dzy RSNBRGFYRAY3 2F (GKS AYyRdzAGNE QA o awdlitbdbéfichl§dSt 2 7F

voluntary carbon trading markets become viable in the future.

3.1.2 Project Scope and System Boundaries

This life cycle assessment was a tgad-grave analysis of the carbon footprint or global
warming potential of the production and consumption of boneless pork. The system boundaries, shown
schematically in Figure 2, encompassed effects beginning with the energy and greenhouse gas (GHG)
emissions associated with production of fertilizer, and with estimates of greenhouse gas emissions from
SAGKSNI fFyRTAEE 2N YdzyAOALIX f 61 aidS AyOAYSNIGAZ2Yy 2
O02YYdzi Saz y2N GKS 02 a i en2efhavi Bok hednynaludédKNdr dbds Nty SopR &4 N5
of this project extend to other potential environmental effects such as nutrient runoff, topsoil loss, or
depletion of freshwater supplies; it focused on evaluation, at the national scale, of the global mgarmi
potential attributable to production and consumption of pork in the United Stat@ke primary ime

frame for the study is 2009
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Figure2. Schematic of pork production supply chain showing major inputs and tatplevant to
greenhouse gas emissions.

3.1.3 Audience
Stakeholders in the swine industry value chain are the intended audience for this stely. T
study has been undertakeprimarily as a tool to identify opportunitiesfor increasing efficiencgnd to
provide a basdl yS S @l fdzZ GA2y 2F GKS AyRdz(NE QZmisSieny i NX 6 dzi
inventory. Consumers increasingly express an interest in understarafitiee environmental impactef
the products they purchaseand thus consumers represent a secqomatential audience for the study
results The LCA supportd KS  LJ2 NJ ability Rodzioik Nubdetivelywith retailers to educate

consumers about agricultural and food sustainability issues

3.1.4 Function al Unit
The functional unit of this studyvas one 4 ounce serving of boneless porkrepared for

consumption bya US consumer.



3.1.5 Allocation

Where ceproducts are produced, an allocation of burdens associated with the unit process is
necessary. We follow the 1SO hierarchy for allocation. There are threesstaghe supply chain where
Ffttft20F A2y 200d2NBY FTANRG F2NJ o@LINPRdzOGA 2F FSSR
the processing gate where allocation between dressed carcass and rendering products occurs, and
finally at retail andconsumption where an allocation of refrigeration burdens is necessary. We have
adopted as a base case approach an economic value allocation, but consider a mass allocation for feed

byproducts for comparison.

3.1.6 Life cycle impact assessment

For this project asingle impact assessment metric as been chosen, global warming potential.
We have adopted the most recent IPCC recommended GWP100 equivalencies for this’pr6{@ct 1;
CH = 25; and MO = 298. Global warming potential equivalents are also presentedmost common

refrigerantsin this document

3.1.7 Cut-off criteria
The cutoff criteria for the studyand generally applied at the scale of an individual stage of life
cycle,are as follove:
a. Mass if a flowcontributesless than 1% of the cumulativglobalwarming potential, it
may be omitted from the model
b. Energy:if a flowcontributesless than 1% of the cumulativgobal warming potential, it

may be omitted from the model.

3.2 Life cycle inventories

A previously conducted literature review is used as tha$&sr much of the life cycle inventory
data, and additional discussions with industry representatives and aglkperts helped fill in the data
gaps. The production system encompassed activities performed in support of pork production and
delivery extendng to GHG burdens of raw material extraction for fertilizer production, primary fuel

extraction, delivery, combustion and, for electricity, transmission and distribution losses. The system

LI

*Forster, P., V. Ramaswamy, P. Artaxo, T. Berntsen, R. Betts, D.W. Fahey, J. Haywood, J. Lean, D.C. Lowe, G. Myhre,

J. Nganga, R. Prinn, G. Raga, M. Schulz and R. Van Dorland, 2007: Changes in Atmospheric Comktituents an
Radiative Forcing. In: Climate Change 2007: The Physical Science Basis. Contribution of Working Group | to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning,
Z. Chen, M. Marquis, K.B. Averid.Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA.



included production of polystyrene foam shells, shrink wrap, argbdaent pads used to package meats

in supermarkets. We also included the impacts of distribution and refrigeration. The life cycle calculation
approach adopted for this work was largely process based; some unit processes were modeled using
Economic InpuDutput modeling where sufficiently detailed LCI data were not available. This was to
avoid truncation errors associated with exclusion of upstream burdens for those processes/inpis.
inclusion of EIO data does add some uncertainty to the analyseubecof differences in the underlying
basis for EIO estimates of impact contributions. pamticular, EIO System boundaries are broader than

boundaries for process based analysis.

3.2.1 Conceptual farm production model

To simplify mass andnergy accountingve have chosen not to uset@mrnor batch ofweaned
piglets as the computational basisstead the computational farm model is based on the productive life
of one sow. The average number of littgErities) and the number of piglets per litter are used to
determine the total feed and oifarm energy requirements. The cumulative and GWP impacts from all
the inputs are divided by the total mass of the finished animals produced by that Asghemat is

shown inFigure3.

Feed > 9.5 weaned
Ipiglets per sow
SowBam —>| NurseryFinish |——1—> Processing
Energy 3.5 litters /sow I
|
|
A I
! I
I I
: Manure Manure I
Lo ReplacementGilts _ _ _ _ _ _ _ !

Figure 3. Shematic of simplified swine farm. Material and energy flows are integrated ove
productive live of a sow. The farm gate total consumption of feed and energy required to grow
litters produced by one sow is allocated to thetal fiished weightof her litters.
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Thus the farrgate footprint is: On a live weight basis.

This result can beonverted to a carcass or boneless basis using thedismirpose conversion of: 0.75

kg carcass per kg live weight, and the carg¢asBoneless conversion: 0.65 kg bone loss per kg carcass.



3.2.2 Crop production

Feed Crops
(Corn, Wheat, Soybean Meal, DDGS)

In consultation with industry

experts,we have identified the most
common feeds and have collected
y A A
available information from farm Agricultural Chemical Energy Inputs Crop Production
Usage Summary, (Petroleum Fuels & Summary,

. . USDA NASS Electrici USDA NASS
extension and the National v)
Agricultural Satistical Service v

. C i d
regardingthe energyand greenhouse M emkgcon [
gas emissions associated with

3 Impact Assessment, SimaPro 7.1,
productionof thesecrops. IPCC GWP100a e Ecoinvent 2.0

A

3.2.2.1 Corn, DDGs, Soybean Meal Crop GHG profile:

KgCO2 eq./Kg crop

Two main sources of

agricultural data were used crop Figure4 Information diagram for calculating GHG
oroduction data and agricultural emissions per amount of feed crop produced.
chemical usage statistics on a state
by-state basis from the USDA National Agricultural Statistics Service {IN$3®& 2009)Figure4 shows
the key data sources and steps in calculating GHG emissiong) pércrop producedData on chemical
usage (fertilizers, pesticides) were combined with crop production data terdene these inputs per kg
of crop harvested

Input data for fuels and electricity consumption for crop production were obtained from the
technical literature state agricultural extension services, the US Department of Energy, the USDA, and
other academic institutions Fertilizer and fuel consumption farop productionwere used as an input
data for calculations performed using the SimaPro 7.1 software. The Ecolnvent database was used to
provide upstream information (i.e., production of fertilizer) and the IPCC GWP 100a impact assessment
methodology wasused to summarize the GWP of cradtegate crop production. Industry estimates

were used ¢ calculate the transportation burden associated with moving the grains to feed mills which

are typically near swine production facilities.

* USDA NASS, 2009, United States Department of Agriculture, National Agricultural Statistics Service, Agricultural
Chemical Usage Summary; gRroduction Summary, http://www.nass.usda.gov/



3.2.2.2 CQeemissions from lime, urea, pesticides, and fertilizer application

Nitrous oxide emissionattributed to crop productionwere taken to be 1% of applieditrogerr.
No distinction between inorganic fertilizer and manure applicaticas made in regard to nitrous oxide
release. Forthe scale of thanalysis conductedhere is not sufficient resolution in the underlying data
regarding crop rotation, tillage, and sojide to justify more complex estimation of the,® emission.
GWP burdens associated with other fertilizers, including lime, and pestisidesaccounted for in the
inventory data obtained fronkEcolnvent Decomposition of crop residue contributes some Ntte soil
nitrogen cycle, and results in an additiof&lO emission. The IPCC recommendations for estimation of

crop residue have been followéd

3.2.2.3 Calculation of the cradle to mouth feed footprint.
Note that our initial analysis defined dry distiller grains (DD@shyproduct of corn ethanol

production, as an important contributor to GWP of the feed. We have performed an analysis using two

diets: one with and one without DDGs.

. . . Sow Feed
compositionare given inTablel through Breeding | Gestation | Lactation
Table4. Assuming9.5 piglets per litter, [Est. feed, Ib/sow 50 600 252
. % Corn 66.1] 81.5 66.1
the total quantity of each feed
d y % DDGS 0.0 0.0 0.0
component consumed by all the animal: % SBM 27.0 14.5 27.0
passing through the system over the KFAT 2.0 2.0 2.50
%Supplement 0.7 0.7 0.7
course of 3.5 litters (on average) for ¢ | o4Dical/limestone 29 29 3.0
sow was calculated. In essence, this
an integration of all of the feed cre;g  Taple2. Typical Sow Diet With DDGs
the farm gate resulting in the production [Sow Feed
. ) Breeding | Gestation | Lactation
of 30 finished pigs plus one sow. Th Est. feed, Ib/sow 50 600 250
total quantity of each feed component % Corn 58.0 53.0 58.0
0
was multiplied by the carbon footprint % DDGS 10.0 30.0 10.
% SBM 25.0 11.0 25.0
for the production of that feed to give %FAT 2.0 2.0 2.35
the overall feed footprint. %Supplement 0.7 0.7 0.8
%Dical/limestone 2.5 2.5 2.9

® Dong, H., Mangino, J., Mcallister, T., Hatfield, J. L., Johnson, D., Lassey, K. R., et al. (2006) Chapter 10 emissions
from livestock and manure management. 2006 IPCC Guidelines for National Greenhouse Gas Inventories.
® De Klein C et al. (2006)2006 IPCC Guidelines for National Greenhouse Gas Inver(f®@s),Volume 4:



3.2.3 On-farm manure manageme nt

Different manure management systems result different quantities of greenhouse gases,
primarily methane and nitrous oxide, emitted to the atmosphere. The IPCC provides guidance on
estimating the quantities of greenhouse gases whiafe emitted as a funtion of the specific
management systeln We have used the American Society of Agriculture Engineers (ASAE)
recommendationgo predict the quantity of manure generatedas well as to estimate the amount of

nitrogen excreted in the manure Manure management systemisicluded in he model are deep piand

Table3. Nursery and GrovfFinish Typical Dieg Without Distillers Grains

Pigs Nursery Grow-Finish
Phase | | Phase Il | Phase Ill |Grower || Grower Il|Finisher I|Finisher II|Finisher Il
BW, Ib 11-15 15-25 25-50 50-95 | 95-140 | 140-185| 185-230 | 230-270
Gain, Ib 4 10 25 45 45 45 45 40
Days in period 7 14 21 24 23 22 23 24
Est. feed, Ib/pig 5 15 48 100 113 131 148 145
% Corn 37.9 51.9 59.2 62.8 68.5 74.3 80.9 83.9
% DDGs 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
% SBM 20.0 28.0 34.8 31.3 26.0 20.8 15.3 12.3
% Dried Whey 25.0 10.0 0.0 0.0 0.0 0.0 0.0 0.0
oFat 5.0 3.0 1.5 2.5 2.5 2.5 1.5 1.5
%Supplement 3.3 3.1 2.0 1.1 1.1 1.0 0.9 0.9
%oDical/limestone 1.3 1.8 2.6 2.3 1.9 15 15 15
%%bone/blood meal 7.5 2.3 0.0 0.0 0.0 0.0 0.0 0.0

Tabled4. Nursery and Growrinish Typical Diet With Distillers Grains

Pigs Nursery Grow-Finish
Phase | | Phase Il | Phase Ill |Grower I|Grower Il|Finisher | |Finisher Il Finisher I1I
BW, Ib 11-15 15-25 25-50 50-95 | 95-140 | 140-185 | 185-230 | 230-270
Gain, Ib 4 10 25 45 45 45 45 40
Days in period 7 14 21 24 23 22 23 24
Est. feed, Ib/pig 5 15 48 100 113 131 148 145
% Corn 33.8 43.9 47.2 50.7 56.3 62.1 68.6 83.9
% DDGS 5.0 10.0 15.0 15.0 15.0 15.0 15.0 0.0
% SBM 19.2 26.2 32.2 28.7 23.6 18.3 12.9 12.3
% Dried Whey 25.0 10.0 0.0 0.0 0.0 0.0 0.0 0.0
Q6Fat 5.0 2.9 1.4 2.3 2.3 2.4 1.4 15
%Supplement 2.0 2.2 1.9 1.1 1.1 1.0 0.9 0.9
%6Dical/limestone 1.2 1.7 2.4 2.1 1.7 1.3 1.3 15
%%bone/blood meal 7.5 2.3 0.0 0.0 0.0 0.0 0.0 0.0

" American Society of Agricultural Engineef®005) ASAE D384.2 MAR2005 Manure Production and
Characteristics.



anaerobic lagoons. Each can be modeled separately.

3.2.3.1 Methane and nitrous oxide emission due to manure management

We employedstandardized methodologies as laid out in the IPCC 2006 guidelines in estimating
the annual ClHand NO emission factor (Eff from manuré We have used the ASABE guidelines to
define the average manure characistics (Table 5), in particular the volatile solids content which is
significant in determining the quantity of methane that can be produced under anaerobic conditions.
Thetemperatureis alsoan important parameter in the estimation of methane releaasgsociated with
each of the manurenanagement techniques U.S. monthly average temperatudatawere extracted
from the National Climatic Data Centefhis temperature informationwas used in estimation of the
methane emissions from manure handlitmgaccount for the difference in mean temperature between

the upper MidwestNorth Carolinaand the Oklahoma panhandle

Table5. Average manure characteristics as predicted by ASABE equations

TS VS COD BOD N P K
kg/Finished animal
Nursery 4.8 4 4.4 15 0.41 0.068 0.16
Growfinish 56 45 47 17 4.7 0.76 2
kg/animal/day
Gestating sow 0.5 0.45 0.47 0.17 0.032 0.009 0.022
Lactating sow 1.2 1 1.1 0.38 0.085 0.025 0.053

Other variables used in the model are the volatile solids)(¥the manure and the maximum
methane production capability (8 0.48m°CH/kg VS)Table 10 A¥):

Q. 08
a38'Q 100

EF use the emissions in kilograms methane per animal per year and

OO0= Y2 365 2 642 067 D "Yeyro

MCF is themethane conversion factor (percerd) function of both temperature and manure
management system
MS is the fraction of volatile solids that is handled by each manure management system.
Based on swine herd demographics dataainedfrom the census of agridture in 2007 Figure
5), we have chosethree regions for separate analysis to account for temperature effects on differences

in greenhouse gas emissions from ma@munanagement systemsThe first is northern lowayith an

® Dong, H., Mangino, J., Mcallister, T., Hatfield, J. L., JohnsdmsBey, K. R., et al. (2006) Chapter 10 emissions
from livestock and manure management. 2006 IPCC Guidelines for National Greenhouse Gas Inventories.
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routes. Nitrous oxide and nitrogen gafF.igureS.‘ Distribution of hogs in the U.S.

(N,) are both produced in the

denitrification step of the nitrogemycle. Nitrous oxide emissions are strongly depention the specific
conditions encountered in the manure management systelrhe presence of oxidized forms of nitrogen

is necessary, and therefore significant nitrous oxide release only occurs in ciances where
anaerobic conditions which produce oxidized forms of nitrogen are followed by anaerobic conditions
necessary for the denitrification stepFor this study, we followed the IP CC tier two recommendations

in that US specific nitrogen excretioates were adopted. Direct emissions were calculated by:

44
620 = 0002 bg,? 077 0QF o

Where head is the number of animals with an annual nitrogen excretion rate givé,which
is handled in manure management system; M&h an emission factor for the management system of
EF. The factor 44/28 converts nitrogen in the manure to nitrous oxide emissions through the ratio of
molecular weights. As indicated above, we aomsidering two primary manure management systems.
The emission factor for deep pits is 0.002 (kg>M)/(kg N excreted), and the emission factor for
liquid/slurry ponds or tanks is zero if no natural crust cover is present and is 0.005@kg)Nkg N
excreted) for cases when a natural crust cover forms on the surface.

Indirect emissions of JD result from ammonia and NQolatilization followed by deposition

onto soil where denitrification occurdndirect emissions were calculated by:

5 2 S 2oz oo
020 = Opeg 2 U —

VEQ Q Q) 28

Where Ny is the quantity of nitrogen volatilized from manure management system, 8@ EF

is the fraction of all volatilized nitrogen converted tgON A similar expression is used to estimate



indirect NO emissions associated wildaching and runoff of nitrates. The fraction of nitrogen lost by
volatilization from deep pits is estimated to be 25% with a range of 15 to 30%. For andagdnas,
the volatilization losses are expected to be 40% with a range of 25 to 75%. TNegsion factor, EF, to
N,O for volatilization losses is 0.01 (kgaNNY (kg N volatilized) and for leaching and runoff it is 0.0075
(kg NO-N)/(kg N leached).

3.2.4 Biogenic carbon

The CQ from animal respiration as well as the methane generated from the manur
management is considered biogenic. This is because it is created from the degradation of carbon
containing feeds which were grown by removi@@) from the atmosphere in the contemporary carbon
cycle. We consider this short term cycling of carbon to bapiproximate balance, and for this work, we
do not account directly for sequestration which may occur during plant growth, nor do we account for
respiration of the animals. However, because methane is 25 times stronger greenhouse gas, the

emission of biogeic CH, is accounted.

3.2.5 Farmto Processor Transportation

Interviews with industry experts provided insight into the structure and characterization of
transportation from farm to processor. We used an estimate of 500 miles transportation distance
between thefarm and the pork processorThese calculations are based on an estimate of ié8d
with an average weight o268 pounds per truck for delivery of finished hogsThisestimate will be

further explored and developed as the study progresses.

3.3 Pork Processing and Packaging

Data were obtained from industrial sources, and aggregated to preserve anonymity for those
who supplied data. We received data fraower 10 meat processing facilities. The information included
the quantity of processed meat leeng the facility, the amount of electricity, natural gas, and other fuels
consumedfor the entire facility. Estimates of greenhouse gas emissions from onsite waste water
treatment facilities, and loss of refrigerants were also reporteltidustrial GHG ngorting is typically
based on finished product leaving the facility and does not specifically account for rendering products;
however, inlife cycle assessment, when a system has multiple products, each of which have economic
value, it is standard practice assigh some of the environmental impact burden from that process to
each of the ceproducts. The question of how to allocate among theproducts can be difficult to

answer. International standards recommend system expansion, where credit is takprofiuction of



an item that is equivalent to the environmental burdens associated with production of that same item
from a different and independensystem. However, in this situation, because all processing facilities

had associated rendering faciliiethe application of system expansion would have been quite difficult.
Some standards recommend a physical causality modeling approach, essentially a full scale engineering
model of the entire processing facility is necessary to implement this recomntimmglahe complete

mass and material balance is used to determine precisely how much energy is associated with-each co
product from the facility. This approach is beyond the scope of the current project. An economic
allocation among the c@roducts is ofen the most practical approach to this allocation of
environmental burden. One approach to arrive at an economic allocation is to consider data from the
US economic census. Although these in NAICS codes include meats other than pork, as the basis for an
initial allocation ratio, in the absence of other data, these values can be used. The allocation ratio
calculated using this method assigns 89% of the greenhouse gas burden to the meat processing and 11%
assigned to the products from rendering operation§Ve have also included an export stream in the
analysis; however, on a per kilogram (or serving) basis, this does not affect the footprint. This will affect
the overall contribution of the domestic pork industry to the US GHG inventory, as the burdde of

exported pork can be considered to follow the meat to its point of consumption.

Table6. Economic census data used for allocation in processing and packaging

NAICS Code Value of primary products shipments ($1,0
311612 Meat processed from carcasses 35,945,422
311613 Rendering and meat byproduct processing 4,476,039

3.3.1 Methodology

The data provided from industrial sources is largely what would be classified as scope 1 (direct

2y aAdS DID SYrAaarzyao 2N a02LS H O0AYRANBOG SyAraa

constructed unit processes in SimaPro where the avenaported values for fuels and electriciyere

used as inputs, so th&imaPracouldcalculate the full system burden.

3.3.2 Uncertainty

Monte Carlo simulation was used to address uncertainty and ranges of emission fact@ndata
input information. When provided, we used the probability density functions for unit processes
available in theEcolnvent or other databases. For unit processes which were created for this project,
the reported variation, or calculated variabilitin conjunction with an assessment of the data quality

followed the Ecolnvent hierarchy.



3.3.3 Emission Factors

3.3.3.1 Electricity

There are three electricity production regions in the U.S.; thesegions are Eastern
Interconnection, Western Interconnection, and thElectric Reliability Council of Texas (ERCOT)
Interconnectio. Use of thethree maininterconnections as the basis for calculating environmental
burdens from electricity productioare better than national, state, or even utilitgvel emission factors
because there is virtually no electricity energy transfer between the interconnect,galst this level
there is some certainty about the actual fuel mix used to provide electricBpth IA and NC swine
producing regions are located in the Eastern fntmnection of the US electricity grid; Oklahoma is in

the Western interconnection.

3.3.3.2 Plant Fuel Energy

Fuel energy emission factors for ptembustion and ofrsite combustion were also used in the
study. The precombustion emission factors (in kg &@@unit of fuel) include factors related to energy
used to extract, process, and deliver the fuel to the point of use. The majority of fuel enepgykin

processingomes from natural gas aredectricity.

3.3.3.3 Fleet Fuel Energy

Emissions from transportation weralculated using Ecoinvent datasing industry estimates for
haul distances for feed to milling and from the mill to the farmdustry reported fuel consumption was
used to estimate transportation mileage, which is the basic unit for consumption of toetan fuels

in the Ecolnvent database.

3.3.3.4 Packaging Materials

For retail distribution in the United States, most meats, including pork, are packed on a
polystyrene plate with an absorbent pad and wrapped with shrink wra/e have estimated
approximately 8 g of polystyrene and %2 g of shrink wrap mat@ealpound of packaged pork The
specific makeup of absorbent pads is generally proprietary. We used information in a Patent

determine typical pad made from Vicose and expanded Vicose as the basis for the calculations.

58Nz ad® FyR ¢2NOSttAYAZT t & &f{ 2dNDS Sy SNHIRepbry R SYA &
NREL/TB5038617, National Renewable Energy Laboratory, June 2007.

19 Elves, John (Magor, GB7), Ley, Stephen J. (Nr. Lydneyl@8B2) Absorbent padsUnited Staies Chicopee
(New Brunswick, Ndp5137 7http://www.freepatentsonline.com/4551377.html



3.4 Retall

After distribution from the processor to the retail gate, pork is displayed for consumer purchase.
During this phase, there are four distinct emissiatreams: refrigerant leakage, refrigeration electricity,
overhead electricity and overhead fuel. Estimates of the sales volume, space occupancy, and energy
demands of pork weraisedto determine the burden of this sygy chain stage Overhead electrity
demand activities allocated tpork include ventilation, lighting, cooling, space heating, water heating,

and othermiscellaneous electrical loads (e.qg., free standing refrigerators).

3.5 Consumer

Impacts accounted in this phase include transport from tetaihome, refrigeration energy, and
cooking energyEstimates of the consumer cooking energy for gas and electric ovens were made.
Cooking energy requirements were estimated using information from the US EPA Energy Star program.
Both preheat and cookig times were included, but assumed no additional idle time. Also assumed was
that the cooking energy was based on cooking eigbiufice servings (e.g., as a 2 pound tenderloin to

be cut into individual servings and cooked).

3.6 Post-Consumer Solid Waste
TheS Q& I NBfFGAGSt e avyltt ljddydadge 2F LR&aG02yad

Ecolnvent process for landfill disposal.

3.7 Software, Database and Model Validation

The LCA odel was created using the Sife Software systenfor life cycle engineéng,
developed by Prea Netherlards based companyThe Ecaiventand US Life Cycle Inventogtabase
provide the life cycle inventory data fathe raw and process materials needed for background
processes

All computational modulesare beingdocumentedwith reference citations to external source
data. Each computation in the spreadsheet documented as to the supporting logién overall
flowchart describing the information flow through the model will be generatéltiformulashave been

checked by bothhe author of the module and at least one additional team member.

4 Scan level carbon footprint results

The model for the footprint is based on a 2 barn system: Breeding/Gestation/Lactation(drarn

Sow Barn¥ollowed by a Nursery/FinisfN/F)barn. We recognize that this is not representative of all



configurations;however, addition of a third Nursery barn and changing the N/F barn to a Grow/Finish
barn will have relatively small impact in terms of a high level sGaamsportation between th nursery

and growfinish barnswill be the majoradditionalin this case. The model is built to account for an
entire life cycle of a single sow, and specifically includes gilt development and mliltgrie (parities).

The N/F barn accounts for all éhpiglets from all parities grown to full weight. Tableshrough 4

present themodel diets.

4.1 Life Cycle Phases

The model follows the structure shown in Figure 2. Each unit process, or stage, has inputs and
outputs that contribute to calculation of the evall GWP of the system. The model paramstare
listed in Tables 5 and 6. In the following figures, we present theativiootprint and several gatéo-
gate partial footprints to provide a reference to othpublishedLCA results.

Theresultsare presented in a series oetwork diagrams whiclshowthe relative impacts of
different phases of the swine production and delivery system. The truncated example of one of these
diagrams is shown iRigure6 below. In the networldiagramsgachbox or noderepresents a particular

material or flow which contributes to the global warming potential of the swine production system. The

1 kg Reference Flow
{quantity of material or energy)
Overall — | Process or Material
1.82 Contributing to Footprint

Connecting Line Weight is
Proportional to GWP
Contribution

Global Warming Impact 1 kg 205 kg
(cumulative kg CO2e contributed
by this branch of the network) In Home Finish Barn
208 /3.4

Figure6. Network diagram key



box could contain materials such as corn feed or soybean meal, or represent energy coiosuimphe
form of electricity orother fuels. In addition, examples of the process (or material) include the meat
packing facility, or for ihome consumptionThe width of the connecting lines represents the relative
contribution from the particular unit to the whole global warming impacthe contribution shown in
each box is the cumulative contribution from all of the network nodes upstraatine supply chain plus
the contribution occurring at that node. Note that the reference flows do not necessarily represent
material or energy balaces for the pork functional unit, and therefore may not sum to the value of the
reference flow of the receiving process.

A series of scenarios are presented with alternate LCA moddis. purpose of these alternate
models used to highlight the impact thaome choices have on results of the carbon footprint. These
scenarios are described irable7

Table7. Scenario description

Base case Deeppit manure management system; economic allocation of feed by
products; natural gas oven; DDGS included in diet

Scenario one Anaerobic lagoon manure management syst@epnomic allocation of feed
by products; natural gas oven; DDGS included in diet

Scenaio two Deep pit manure management system; economic allocation of feed by
products; electric ovenDDGS included in diet

Scenario three Deep pit manure management system; economic allocation of feed by
products; natural gas oven; DD@@& included in diet

Scenario four Deep pit manure management systemassallocation of feed by products;
natural gas oven; DDGS included in diet

Table8 presents a list of the nodeames used in the network diagrams along with a definition
describing the materials or process which are encompassed by that nbaele9 and Table10 present
a list of parameters used in the model to characterize the system.

The results are presented as Kfde/kg boneless meat prepared for consumption. To convert

these values into I€Qe/4 oz serving, simply divide by 4.



Table8 Unit Process Names and Descriptions for Network Diagrams

Cooking Includes energy for oven preheat and cauki

Corn Feed Combination of feed produced in different regions

Corn Grain Production of crops (region specific)

DDGs Dry Distillers Grainsincludes allocation from ethanol production (data
from literature)

Deep Pit Includes emissions associated withep pit manure management system

Electricity Includes fuel mix, production, and distribution

Finish Barn Includes Nursery Finish barn operations

In Home Includes transport from retail, thome electricity for refrigeration and
cooking burden

Lagoon Includes emissions associated with lagoon manure management system

Natural Gas Production, delivery, and combustion

N fertilizer Natural mix of nitrogen fertilizer production

Overall Cradle to grave; top level process

Processing Includes all processdsom farm gate to preparation of carcass for packagi

Packaging Includes preparation of meat cuts and packaging on Styrofoam boat

Refrigerants Includes production and fugitive emissions

Retail Includes electricity for refrigeration, a share of storeedwad electricity,
and fugitive refrigerants

Sow Barn Includes where the sows are housed during breeding, gestation, and
lactation

Soy Meal Includes processing of soybeans to oil and meapralucts

Soybeans

Onfarm production of soybeans




Table9. Input parameters

BO 0.48
bgl days 143
meal_nf 1
carcass_boneles 0.65
cfm_nf 60
cfm_sow 200
cfm_watts 0.012
cons_alloc 0.013
cons_pork 47.3
cons_refrig 1348
cons_waste 0.1
cooking 1
days_in_nf 165
digest 0.82
EF3_pit 0.002
EF3_slurry 0.005
EF4 0.01
EF5 0.0075
fin_weight 268
hd _sow 1200
heat_days 70
leach_N_lagoon  0.005
leach_N_pit 0.005
leach_N_slurry 0.005
live_carcass 0.75
n2o0_lagoon 0.4
N20O_residue 0.020821
npg_sow 9.5
num_house 3
parity 3.5
sow barn_area 7.5
sow_weight 450
suppl_nf 8
suppl_sow 6

vol_nh3_lagoon 0.4
vol_nh3_pit 0.25

vol_nh3_slurry 0.48

vs_frac 0.8
weaned_weight 12
whey_nf 3

(1,na,1,na,1,na)fraction of VS available for conversion to methane
Breeding/Gestation/Lactation period (days)

Ib/pig feed req'd per pig, nursery to finish, including gilt development
carcass to boneless conversion

cfm for ventilation; Purdue handbook

(4,1,3,1,1,na)cfm for ventilation; Purdue handbook

watts per cfm, assuming 0.1 inches water column pressure diff.
(4,3,3,2,na,3) allocation of consumer refrigeration to pork products
(approx. same as refrig space allocated to pork in supermarket
refirgerated space - ignores items sold at ambbient then refrigerated at
home

Ibs po)rk consumed per capita in US (2005 data ERS food availability
data)

kWh/yr avg US household consumes for refrigeration

fraction of purchased meat disposed as waste

kWh to operate electric oven at 350 deg F for 1 hour
http://michaelbluejay.com/electricity/cooking.html

nursery to finish - (days)

(2,1,3,1,1,na)digestabiity of feed; est. ASABE manure handbook
(na,na,na,2,na,na)lPCC emission factor for direct N2O from pit systems
(2,3,3,1,1,na)IPCC emission factor for direct N2O from slurry systems
(2,3,3,1,1,na)IPCC emission factor for N20-N from volatilized NH3-N
(3,3,3,1,1,na)IPCC emission factor for indirect N2O from leaching
(1,1,1,1,1,2)live weight, per pig, in Ibs

number of sows in farrow - wean barn

(2,3,3,1,1,na)heating days (est 10 wk IA/MN 2 wk NC)
(4,na,na,2,na,na)lPCC est. fraction N lost through leaching (range 1-20%
(4,na,na,2,na,na)lPCC est. fraction N lost through leaching (range 1-20%

(4,na,na,2,na,na)IPCC est. fraction N lost through leaching (range 1-20%
-- 0.5% based on working group feedback

dressed carcass yield

(1,4,1,3,1,na)direct N20O from lagoon kg/ha/day -- annual average value;
Harper et al

kg N20 per kg N in crop residue

(1,1,1,1,1,2)number of piglets per litter

number of people consuming pork per household

(1,1,1,1,1,2)

Area (in square feet) of barn per animal, sow barn

(1,2,1,1,1,12) live weight (in pounds), sow, at cull

Ib/pig feed req's per pig, nursery to finish, including gilt development
Ib/pig feed req's per pig, nursery to finish, including gilt development
(na,na,na,na,na,na)fraction of NH3-N +NOx-N volatilized in lagoon mgmt
systems

(na,na,na,na,na,na)fraction of NH3-N +NOx-N volatilized in lagoon mgmt
systems

(na,na,na,na,na,na)fraction of NH3-N +NOx-N volatilzed in slurry mgt
systems

(1,2,2,1,1,na)fraction of total manure solids that are volatile solids

weight of weaned piglet, entering nursery, in pounds

Ib/pig feed req's per pig, nursery to finish, including gilt development




*

Tablel0. Calculated parameters

hd_nf

heat_litter

light_sow

Ipg_gpd

MCF_lagoon

MCF_pit_slurry
nf_barn_manure
nf_barn_N
nf_barn_P

sow_barn_manure
sow_barn_N

sow_barn_P

vent_nf

vent_sow

hd_sow*npg_sow
0.250*24*14

1.72*sow_barn_area*bgl_days*
24/1000
100/5000*hd_nf

-0.000527*T_avg"2+0.026993*
T avg+0.449*1.1
Exp(T_avg*0.0884)*0.0712

hd_nf*(corn_nf+sbm_nf+ddgs_nf)*
(1-digest)

5.11*2.205*hd_nf

0.828*hd_nf*2.205

hd_sow*(corn_sow+sbm_sow+
ddgs_sow)*(idigest)

hd_sow*bgl_days*0.117*2.205
0.036*hd_sow*bgl_days*2.205

cfm_nf*cfm_watts*days_in_nf*
24/1000/.6/.8

cfm_sow*cfm_watts*bgl_days*
24/1000/.6/.8

Nursery/Finish barn enterinigead for one parity
supplemental heat per litter (14 days heat needed ) kW
required per 250watts lamp (1 lamp per 2 sow)

1.72watts/ft"2;

Brumm, M.*

CH4 conversion factor for lagoons manure systems 1P(
Chap 10; Table 10A10% correction factor to match
Mangino (2001) which is the basis for the IPCC table.
CH4 conversion factor for liquid manure systems (both
deep pit and liquid slurry systems) IPCC Table710A
dry matter in manure (Ibs); all nursery and finish (N/F)
pigs for one parity

pounds nitrogen excreted per finished animal litter;
nursery + finish Table 18a ASABE

pounds phosphorus (same ref. as above)

dry matter in manurgpounds); all sows breeding,
gestation, and lactation (b/g/l), one parity

0.117 kg/sow/day for 135 days b/g/l ASABE Table 18z
converted to pounds

0.036 kg/sow/day for 135 daywreeding, gestation, and
lactation (b/g/l), ASABE Table 18a

Electricity (in kwh) for ventilation for 160 days in nurse
and finish barns, fan efficiency 60%, motor efficiency 8
per nursery andinish (N/F) pig

Electricity (in kwh) for ventilation for 135 days in
breeding, gestation, and lactation (b/g/l), fan efficiency
60%, motor efficiency 80%, per sow
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1 kg

Overall

1.54 kg 0.904 Ifdays 2.05 kg 0.0927 kg
Processing Retail In Home Finish Barn Sow Barn
0.494 1.2 1.13 3.52 0.572
L L
| ‘ [
7.49 MJ 0.000187 kg 1 kg 3.95 kg 0.825 kg 1.19 kg 0.922 kg
Electricity Referigerant Cooking Corn Feed DDGS Soybean Mea Deep Pit
1.74 0.563 0.898 1.5 0.553 0.49 1.02
[ = |
8.09 MJ 0.491 m3 2.49 kg 1.07 kg
electricity, Natural Gas Corn Grain Corn Grain
1.73 1.18 0.661 0.369
I ‘ \ This flow is a credit for
0.519 m3 0.0328 kg i I
avoided production of
Natural gas, N Fertilizer nitrogen fertilizer
1.18 0.362

Figure7. Overall Carbon Footprint of US Domestic Pork Consumption. This scenario was tbhaseas€he first row represents: Processing (on
site fuels, electricity, and carbon dioxide); Retail (electricity and refrigerants); Purchase (transport to consumer Hwonee &lectricity and
cooking); Finished Hogs (feed, ventilation, manure managem@ark (sow : breeding through weaning). We have assumed 48.75% convers
from live weight to boneless meat.



Figure8. Relative contribution ofreenhouse gases (in kg CO2e) to each supply chain stage for the pork carbon footprint of US domestic
consumed boneless pork. Carbon Dioxide equivalent emissions result primarily from combustion of fossil fuels; with thenextimptestone
applicaton to acidic soils and the decomposition of urea as a fertilizer. Figure shows base case scenario with deep pit manemananag

system(MMS).






























