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Appendix A: Supplemental Data and Information for Low Carbon Fuel Pathways

Al. Agrochemicals Carbon Intensity Data

The tables below expand upon the agrochemical Cl data in Section 4.6 Agrochemicals

upstream emissions

Table 111: Cradle-to-farm emissions for relevant agrochemical inputs included in
GREET2018, in grams per kg. (ANL, 2018)

Input CH4 N20 CO2
Ammonia 7.55 0.05 2,382
Urea 5.48 0.04 1,048
Urea-Ammonium Nitrate

Solution 11.82 5.44 3,302
Ammonium Nitrate 3.69 3.77 1,243
Ammonium Sulfate 2.04 0.01 679
Monoammonium Phosphate 2.29 0.02 960.
Diammonium Phosphate 2.84 0.02 1,113
Potash 1.01 0.01 541
Atrazine 25.07 0.26 14,703
Metolachlor 36.33 0.38 21,300
Acetochlor 36.64 0.39 21,479
Cyanazine 26.55 0.28 15,569
Insecticides 37.00 0.33 21,038

Upstream emissions from agrochemical inputs (fertilizers and pesticides) are used
based on share of tracked fertilizers shipped to Canadian Agriculture, shown in Table

112.
Table 112: Canadian Fertilizer mix (Statistics Canada, 2019) and nutrient shares for each
compound.
Average Shares, 2014-2017 Nutrient Fraction, by mass
% total %of | %of | %of | %of
shipped | N P K S N P K S
Ammonia 7% 8% 82%
Urea 34% 40% 47%
Urea ammonium nitrate 13% 16% 28%
Ammomum gltrate/ calcium 1% 1% 34%
ammonium nitrate
Ammonium sulphate 10% 11% 100% | 28% 24%
Monoammonium phosphate 17% 20% 90% 18% | 52%
Diammonium phosphate 2% 2% 10% 18% | 46%
Potash 7% 100% 60%
Other fertilizer products 9%

EarthShift Global, LLC | WSP USA Inc | Quinn & Partners Inc
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Table 113: Nutrient and pesticide cradle-to-farm emissions based on 2014-2017 average

market data (StatsCan 2019) and the GREET2018 LCI, in grams per kg.

Input CH4 N20 CO2

N, per kg 13.718 3.284 3602.149
P, per kg 3.054 0.027 1271.496
K, per kg 1.685 0.015 901.884
S, per kg 4543 0.030 1511.345
i‘i’“‘c‘de’ per kg 32.316 0329 18,817.815
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A2. Grain, Seed, and Feed Compositional Factors

Table 114: Grain, Seed and Feed parameters used for crop-based biofuels.

Grain/Seed Composition Factors

Corn

Wheat

Barley

Canola

Soybean

Camelina

Starch % DM

Dry Matter, % as fed % DM
Gross energy MJ/kg DM
Starch relative to corn

Starch % DM

Dry Matter, % as fed % as fed
Gross energy MJ/kg DM
Starch relative to corn

Starch % DM

Dry Matter, % as fed % as fed
Gross energy MJ/kg DM
Crude Protein % DM

NDF % DM
Starch relative to corn

Starch % DM

Dry Matter, % as fed % DM
Gross energy MJ/kg DM
Crude Protein % DM
Starch relative to corn

Oil content % DM
Ether extract (oils) % DM

Dry Matter, % as fed % DM
Gross energy MJ/kg DM
Oil content % DM
Ether extract (oils) % DM

Dry Matter, % as fed % DM
Gross energy MJ/kg DM

(USDA shipping/storage ~13% moisture content)

Meal/Cake & Feed Co-Products Factors

Canola
Meal/Cake

oil

Soybean
Meal

oil

Camelina
Meal

Oil content %

Oil content %

Gross energy Mi/kg
Gross Energy (HHV) MJ/kg DM

Dry Matter, % as fed %

Gross energy, as fed MJ/kg DM
Gross Energy, on DM MJ/kg
Gross Energy (HHV) MJ/kg DM

Dry Matter, % as fed %

Gross energy, as fed MJ/kg DM

Gross Energy, on DM MJ/kg
Unit

Gross Energy (HHV) MJ/kg DM

Dry Matter, % as fed %

Grain Ethanol Feed Coproducts

Corn
DDGS

Corn Gluten Feed

Corn Gluten Meal

Wheat

Wheat DDGS

Pea

Pea Protein ConcentreGross Energy (HHV)

Barley

Malt Distillers/Draff -> Brewer's Grains

Brewer's Grains DehyGross Energy (HHV)

Gross energy, as fed MJ/kg DM
Gross Energy, on DM Ml/kg
Gross Energy (HHV) MJ/kg DM
Dry Matter, % as fed %
Gross Energy (HHV) MJ/kg DM
Dry Matter, % as fed %
Gross Energy (HHV) MJ/kg DM
Dry Matter, % as fed %
Gross Energy (HHV) MJ/kg DM
Dry Matter, % as fed %

MiJ/kg DM
Dry Matter, % as fed %

MiJ/kg DM
Dry Matter, % as fed %

Avg

73.4
86.3
18.7

1

69.1
87
18.2

0.94141689

59.7
87.1
18.4
11.8
21.7

0.8133515

51.3
86.5
18.3
23.9

0.69891008

Avg

46
46
92.3
28.8

21
21.4
39.6
23.6

41

34.41

19.4
88.8
39.2
39.3

19.7
87.9
39.2
39.3

221
90.5
39.2
39.3

21.4

89

18.8
88.3

23.1
90

20.5
90.6

22.8
93

19.7

SD

SD

SD

SD

SD

SD

SD

SD

SD

SD

1.6
1
0.1

12
0.1
14

2.1

0.7

1.7

0.4

0.5

0.2
0.6

0.9
2.4

1.2

0.3

1.5

0.8
1.7

0.4

1.8
2.5

Min
67.5
81.8
18.6
1

61.8

81.9

18
0.91555556

52.2

82.8

18.1

8.5

14.7
0.77333333

43.4

82

18.2

19
0.64296296

40
39.8
87.3
27.7

16.6
35.3
22,5

37

185
85.3
38.8
38.8

18.8
85
39
39.2
Min
19.6
86.8

Min
19.9
86.6

18.3
84.3

21.2

87.3

88.1

Min

17.7
84.1

Dry matter

Max
78.8
90.5
19.1
1

74.9
94.5
18.7
0.95050761

66.8

91.6

18.7

16.1

30
0.84771574

57.5
90.7
18.8
28.5
0.72969543

50
51
94.9
30.6

25.9
43.8
24.1

47

20.5
92.3
47.1
39.8

92.1
40.2
40.2

22.1
93.5

91.9

19.5
94.5

24.1
96.2

215
94.7

224
95.3

Source
9662 Heuzé V., Tran G., Lebas F., 2017. Maize grain. Feedipedia, a programme by INRA, CIRAD, AFZ a
11 https://www.feedipedia.org/node/556
92

25431 Heuzé V., Tran G., Renaudeau D., Lessire M., Lebas F., 2015. Wheat grain. Feedipedia, a progra
41570 https://www.feedipedia.org/node/223
328

9706 Heuzé V., Tran G., Noziére P., Noblet J., Renaudeau D., Lessire M., Lebas F., 2016. Barley grain.
17310 https://www.feedipedia.org/node/227
304
15723
1068

9681 Heuzé V., Tran G., Giger-Reverdin S., Noblet J., Renaudeau D., Lessire M., Lebas F., 2017. Pea s¢
22761 https://www.feedipedia.org/node/264
153
14479

Heuzé V., Tran G., Sauvant D., Lessire M., Lebas F., 2017. Rapeseeds. Feedipedia, a programme
1598 https://www.feedipedia.org/node/15617
3844
14

https://www.feedipedia.org/node/15617
3466 Heuzé V., Tran G., Noziére P., Lessire M., Lebas F., 2017. Soybean seeds. Feedipedia, a program
7125 https://www.feedipedia.org/node/42
51

GREET 2018
36 and 47% oil (Przybylski, 2005) -- Heuzé V., Tran G., Lebas F., 2017. Camelina (Camelina sativi
GREET 2018

54 Heuzé V., Tran G., Sauvant D., Lessire M., Lebas F., 2018. Rapeseed meal. Feedipedia, a prograr
11144 https://www.feedipedia.org/node/52
4 as fed (99.9% DM) INRA-CIRAD-AFZ feed tables https://feedtables.com/content/rapeseed-oil
2 on DM INRA-CIRAD-AFZ feed tables https://feedtables.com/content/rapeseed-oil

63 Heuzé V., Tran G., Kaushik S., 2017. Soybean meal. Feedipedia, a programme by INRA, CIRAD, £
33523 https://www.feedipedia.org/node/674
as fed (99.8% DM) INRA-CIRAD-AFZ feed tables https://feedtables.com/content/soybean-oil
10 on DM INRA-CIRAD-AFZ feed tables https://feedtables.com/content/soybean-oil

©

IS

Heuzé V., Tran G., Lebas F., 2017. Camelina (Camelina sativa) seeds and oil meal. Feedipedia, a
https://www.feedipedia.org/node/4254

(GREET uses the same value for all three oils)

(GREET uses the same value for all three oils)

©

32 Heuzé V., Tran G., Sauvant D., Noblet J., Renaudeau D., Bastianelli D., Lessire M., Lebas F., 201%
332 https://www.feedipedia.org/node/71

R

28 Heuzé V., Tran G., Sauvant D., Renaudeau D., Lessire M., Lebas F., 2015. Corn gluten feed. Feec
6415 https://www.feedipedia.org/node/714

36 Heuzé V., Tran G., Sauvant D., Renaudeau D., Lessire M., Lebas F., 2018. Corn gluten meal. Feec
1662 https://www.feedipedia.org/node/715

15 Heuzé V., Tran G., Sauvant D., Noblet J., Lessire M., Lebas F., 2017. Wheat distillers grain. Feedi

182 https://www.feedipedia.org/node/4265

https://feedtables.com/content/pea-protein-concentrate

8 Heuzé V., Tran G., Sauvant D., Lebas F., 2017. Brewers grains. Feedipedia, a programme by INR
53

Dry matter is calculated as the difference between the total weight and the moisture content. It is usually obtained by oven
Gross energy Gross energy (or heat of combustion) is measured as the energy released as heat when a compound undergoes complete cc
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A3. Cellulosic Ethanol

Corn stover components and sugar conversion to ethanol are based on NREL 2011
report (Humbird, et al., 2011). Wheat straw analysis is based on a 2010 paper published
in Biotechnology for Biofuels and will follow the same conversion assumptions for
sugars as in the NREL 2011 study (Erdei, et al., 2010).

Table 115: Corn stover sugar composition and yield per 1,000 kg

% dry
weight

Component

Fraction
sugar

glucan (cellulose) 35.05 35.05% 350.5 kg glucan

xylan 19.53 19.53% 195.3 kg xylan

lignin 15.76 15.76% 157.6 kg lignin
arabinan 2.38 2.38% 23.8 kg arabinan
galactan 1.43 1.43% 14.3 kg galactan
mannan 0.6 0.60% 6 kg mannan
sucrose 0.77 0.77% 7.7 kg sucrose

Table 116: Wheat straw composition and yield per 1,000 kg

Component % d "Y' Fraction Yield
sugar weight
glucan (cellulose) 38.8 38.80% 388 kg glucan
xylan 22.2 22.20% 222 kg xylan
lignin 18.5 18.50% 185 kg lignin
arabinan 4.7 4.70% 47 kg arabinan
galactan 2.7 2.70% 27 kg galactan
mannan 1.7 1.70% 17 kg mannan
sucrose 0.00% 0 kg sucrose

Table 117: Sugar conversion reaction during pretreatment

%

Output

Output

converted  Ratio of
number of sugar .
sugars type to conversion
product
1 glucan 1 glucose 9.90% 0.099
1 sucrose 1 glucose 100.00% 1
1 xylan 1 xylose 90.00% 0.9

Note: Sugar oligomers are considered soluble but not fermentable therefore
xylan to xylose oligomer does not yield ethanol.
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Table 118: Sugar conversion during enzymatic hydrolysis

Input Input Output  Output sugar %
number of sugar number type converted
sugars type g to
sugars product
1 | glucan 1 | glucose 4.00%
1  glucan 0.5 ' cellobiose 1.20%
1 | glucan 1 | glucose 90.00%
1 cellobiose 2 | glucose 100.00%

Table 119: Ethanol fermentation conversion description and percentages

Conversion description Percent

Overall cellulose to ethanol conversion 87%

Xylose to ethanol fermentation conversion 79%
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Appendix B: Transmission and Distribution

B1. Overview

The production, distribution and consumption of biofuels requires a series of
transportation steps. This report provides an overview of the transportation processes
required to model the variety of feedstocks and biofuels applicable in Canada.

The transportation unit processes that are included in the Fuel LCA Modelling Tool are
summarized in Table 120. These models were applied selectively to represent the
transportation steps involved in each feedstock and biofuels pathway. The unit
processes in the Fuel LCA Modelling Tool will contain model parameters (e.g. load and
distance) so that they can be adapted to the specific conditions relevant for each

pathway.

Table 120. Summary of transportation processes to be modelled for low carbon fuels.

Mode of Feedstock Fuel Distribution Regional/Proximity Modelling Considerations and
Transport Transport Considerations Parameters
Truck . Agricultural . Conventional . Considered for local Load (mass)
. Forestry biofuels transportation and delivery Distance
e Biomass (raw of biofuel and biomass Forestry feedstocks require
and pellet) products to end users additional transportation steps
e  Local supply is a key depending on source and
determinant for regional production pathway (e.g.
variability of feedstocks transport to road-side wood
. End-user proximity is a chipping)
key determinate for fuel Water content of feedstocks
distribution and biomass affects vehicle
efficiency
Rail e  Agricultural | e Conventional . Considered for longer- Load (mass)
biofuels distance transportation Distance
(anticipated to be more Water content of feedstocks
relevant in mature biofuels and biomass affects vehicle
industry) efficiency
Pipeline e Naturalgas | ¢ Hydrogen e  Cross-provincial Load (volume)
. Renewable transportation of natural Distance
natural gas gas (as feedstock for
hydrogen production)
. Local distribution networks
for hydrogen and
renewable natural gas

Further descriptions of these processes as well as an overview of the modelling
approach and a summary of the data sources that were used to develop the LCI for
modelling transportation are provided in the sections below.

B2. System Boundaries and Descriptions for Transportation

The system boundaries for transportation include the transportation of feedstocks and
biofuels from origin to combustion in Canada. The boundaries include transportation
between the facility boundaries of the process stages included in the Fuel LCA
Modelling Tool. In the case of imported fuels and feedstocks, the origin is the point of

entry into Canada.

Transportation processes typically include the following stages:
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e Feedstock transportation — transport of feedstock from source (forest, agriculture,
waste recovery stream, etc.) to production facility (mills, distilleries, etc.); and

¢ Fuel distribution — transport of biofuels from production facility to distribution facilities
and then to consumer

The modelling of transportation excludes the following:

e Transportation occurring outside of Canada;
On-site transportation (within facility boundaries); and

e Transportation of all materials other than feedstocks and biofuels (i.e. transportation
of consumables, wastes and co-products are excluded)

Agricultural feedstocks

Biofuels including bioethanol, biodiesel, cellulosic ethanol and some biomass can be
derived from agricultural feedstocks. Transportation of these feedstocks involves truck
and rail shipments to regional production facilities. The resulting fuels are then
transported to end users, typically by truck. The proximity of production facilities to
source feedstocks and consumer markets is the largest determinant of transportation-
related GHG emissions.

Over 97% of bioethanol production in Canada is derived from corn, with the balance
coming from wheat (Natural Resources Canada, 2019). Ontario generates 60% of
Canada’s production, derived from corn, while 18% is produced in Saskatchewan,
derived from wheat and corn. The remainder comes from other provinces (Ethanol
Producer Magazine, 2019).

Saskatchewan currently accounts for 54% of Canadian crop-derived biodiesel
production, which is derived from canola seeds or oil. Ontario is responsible for 33% of
production, derived from canola and soybean feedstocks. The balance of production
occurs in Alberta and is derived from oilseeds and animal fats (Biodiesel Magazine,
2019).

Cellulosic ethanol derived from corn stover and wheat straw, while not yet produced at a
commercial scale, is expected to be similar to the transportation networks of existing
bioethanol production facilities. Specifically, facilities are expected to be located in close
proximity to source feedstocks and serve local markets.

Solid biofuels (biomass) pellets, while typically derived from forestry or waste-related
feedstocks, can also be produced from agricultural crop residues including corn stover
and wheat straw. There are no commercial-scale facilities in Canada. However, it is
anticipated that these facilities would need to be situated in close proximity to both the
feedstock source and end-user (e.g. on-farm drying, industrial boiler, generating station,
etc.) in order to be economically viable.

Forestry feedstocks

Most solid biofuels (biomass) in Canada are derived from forestry feedstocks. Wood
fibre feedstocks include:

o Unmerchantable logs - wood chips produced directly from harvested forest biomass
that is not suitable for timber or pulp and paper production;
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o Forest harvest residues - wood chips produced from primary forest harvest residues
(i.e. branches, tops, etc.);

e Sawmill residues - wood chips or other residuals from sawmilling (e.g. wood chips,
bark, sawdust, shavings); and

e Construction and demolition waste - used wood obtained from construction and
demolition (C&D) waste streams.

Each feedstock results in different transportation pathways:

o Forest harvest residues and unmerchantable logs are typically transported by truck
to road-side chippers before being sent by truck to the point of combustion (un-
processed) or biomass processing facilities (pellets)

o Sawmill residues are transported by truck from the mill to the point of combustion
(un-processed) or biomass processing facilities (pellets)

o C&D waste feedstocks require the collection and transportation of clean (untreated)
wood to a local production facility. It is assumed that the supply would need to be
centralized, nearby a production facility and in large enough volume to be
economical

British Columbia makes up 70% of Canadian wood pellet production. Other top
producing provinces include Québec and New Brunswick (Bradburn, 2014). In Canada,
most wood feedstocks are made into pellets and 90% of pellet production is derived
from sawmill residues.

Pellet production facilities tend to be located in close proximity to the source of their
feedstocks (e.g. sawmills and forests). Biomass fuels are typically sent to industrial
boilers and furnaces, distributed for institutional or residential space heating, or
delivered to thermal power plants. The point of combustion for biomass fuels tends to
be near the production facility to reduce transportation requirements.

Renewable Natural Gas

Renewable natural gas can be produced from municipal solid waste and sludge from
wastewater treatment plants. Transportation of the gas can utilize existing natural gas
pipelines if the gas is pre-treated to pipeline specifications. Un-treated renewable
natural gas requires other means of transportation, including by truck. As a result, the
end-users of un-treated gas tend to be in close proximity to renewable natural gas
facilities.

More information on the transport and distribution for the renewable natural gas
pathways will be provided later in Milestone 3 after completion of the sole-source
contractor work.

Hydrogen

Hydrogen feedstocks include natural gas, renewable natural gas, syngas and water.
Transportation of the feedstocks to the hydrogen production facility occurs via pipeline.
Once produced, transmission of hydrogen gas from the production facility can include:

¢ Pipeline to a local distribution centre
e Trucking from the production facility or distribution centre to the end user (e.g.
dispensing station)
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In each case, the transport of hydrogen requires compression, storage and dispensing

facilities. Storage is assumed to be done using geologic formations that are adjacent to
the production facility. A compressor is used to extract the hydrogen and reach pipeline
pressure.

Truck transportation can involve a tanker truck carrying compressed, gaseous hydrogen
or liquefied hydrogen in cryogenic tanks.

B3. Modelling Approach for Transportation

The modelling approach for transportation processes in Milestone 3 focuses on
providing unit processes that can be adapted to model relevant processes for the range
of feedstock and biofuel pathways in Canada. This will allow the teams developing
biofuel pathway models, including low carbon fuel producers, to develop carbon
intensities for their unique low carbon fuel pathways by applying and modifying the
basic unit processes provided in this report.

The following sections provide a brief overview of the modelling approach for
transportation, as well as discussion of some key methodological issues to be
addressed in the modelling.

Consistency with fossil fuel transportation models in Milestone 2

The unit processes for transportation of biofuels and their feedstocks applies the same
underlying assumptions and data used to model conventional fossil fuel pathways in
Milestone 2. This includes the following key assumptions and data:

e Transportation involves the same equipment and conventional fossil fuels currently
used in Canada (i.e. biofuels are not used as an energy source for transportation);

e The energy and carbon intensity of equipment is the same as modelled during
Milestone 2, including trucks, rail and gas pipelines;

o The system boundaries are consistent with Milestone 2, including the upstream
emissions associated with conventional fuels used to power mobile equipment and
excluding indirect land use change and production and decommissioning of mobile
equipment and transportation infrastructure.

Additional modelling required to represent biofuels pathways include:

Additional equipment and processes, when relevant;

o Default values for transportation distances;
Analysis of distribution pathways and methods likely to be employed to produce,
process and deliver biofuels in Canada;

e Regional analysis.

Development of Unit Process Building Blocks

The overall modelling approach for Milestone 3 was to develop unit processes to serve
as building blocks for current and future modelling work in the Fuel LCA Modelling Tool.
Unit processes representing transportation were selected and applied in each biofuel
pathway. To ensure that the unit processes can cover each pathway, the following steps
were taken:

o Review interim model development for each biofuel pathway;
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¢ Identify transportation processes needed to model each pathway;

e Assess the variation across pathways and production methods, including regional
and technological factors;

o Determine the most appropriate system boundaries for each unit process, such that
the unit processes can be efficiently selected and applied to each pathway;

¢ Identify model parameters to allow for the customization of unit processes to reflect
unique or changing conditions (e.g. load and transportation distance).

Regional Variation and Proximity

Regional variations in transportation arise from the variation in source locations for
biofuel feedstocks, proximity of associated production facilities and proximity of end
users (i.e. point of combustion). As the pathways being modelled are largely nascent or
theoretical, average transportation distances are estimated using modelling
assumptions and an underlying understanding of feedstock locations and population
density in Canada.

Biofuel Feedstocks

Transport of feedstocks will assume the primary mode(s) or transport and estimate the
average transport distance based on feedstock locations and existing or likely locations
of processing facilities. In the absence of data, the locations of new production facilities
are assumed to be similar to existing facilities, based on similar economic drivers (i.e.
proximity to source and end users, labour and consumables). An average distance of
100 km between feedstock source and production facility is assumed, based on the
following observations:

e Existing wood pellet facilities are adjacent or near forestry harvest operations and
sawmills;

o Agricultural feedstocks for bioethanol facilities are typically regional sources (e.g.
wheat in Saskatchewan and corn in Ontario);

o Short-distance transport improves the economic viability of biofuels and is expected
to influence commercial viability of emerging technologies that have not reached
commercial scale in Canada.

Based on this distance, trucking has been selected as the default mode of
transportation for agricultural and forestry feedstocks. As the biofuels industry develops,
longer distance transport may become more viable. As a result, rail transport will also
be modelled and available to users of the tool.

Biofuel markets (end-users)

The distance biofuels must travel to reach end-users depends on the location of
production facilities, the properties and applications of the biofuel and the distribution of
end-users. As the number of production facilities and technologies are expected to
increase, assumptions are required to model the average default distance that biofuels
travel.

The distance biofuels and hydrogen must travel to reach end users is modelled based
on conventional fossil fuel refining capacity in Canada. This approach aligns with
Milestone 2 and is reasonable given the similarity of fossil and low-carbon transportation
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fuel markets and the blending of fossil and low-carbon fuels which occurs post-refining.
The following steps were taken to estimate the average distance between production
facilities, distribution centres and population centres across Canada:

1. Approximate the location of biofuels production facilities based on the location of existing
refinery capacity across Canada;

Calculate the distance between production facilities and local population centres;
Calculate the average distance to rural populations within the host province;

Calculate the population weighted average to end-user;

Estimate the average distance to market by calculating the production weighted average
of production facilities in Canada.

arwn

While bioethanol and biodiesel production primarily serve local markets by truck, rail
has been incorporated into the model to provide an option for longer distance transport
to local distribution facilities. The default distance for rail was modelled based on the
weighted average distance between production centres in Saskatchewan and Ontario
and population centers for each province and territory. An average one-way distance of
600 km resulted from the analysis.

The average distance calculation for biomass was modelled based on existing
production facilities in Canada. Unlike transportation biofuels, the market for biomass
tends to be adjacent or nearby production facilities and is often associated with the
forestry sector itself. In this model, the default distance to transport un-processed wood
biomass and pellets is set to 100 km.

The production of renewable natural gas from municipal waste and wastewater
treatment plant sludges occurs near population centres. As a result, it is assumed that
the delivery of gas through existing pipeline distribution systems is local. The default
distance for transporting renewable natural gas by pipeline is set to 50 km.

Transportation Pathways and Utilization

The GHG emissions intensity of transportation depends on the degree that mobile
equipment is efficiently utilized. Unless noted, the following approach was used to
model the utilization of equipment:

o All local deliveries by truck are assumed to be one-way deliveries with an empty
return trip. In these cases, the model attributes the emissions of the return trip to the
biofuel pathway (i.e. two-way trip)

o All deliveries by rail or long-distance truck are assumed to be one-way deliveries with
the return trip utilized by other product systems. In these cases, the model only
attributes the emissions of first trip to the biofuel pathway (i.e. one-way trip)

Product characteristics

Product characteristics for feedstocks and biofuels impact the GHG emissions resulting
from transportation. Moisture content in feedstocks and biomass can vary substantially
(between 5% and up to 40%), increasing the transportation load required to deliver the
equivalent dry mass or energy content. The variation in the density of feedstocks
(including packing factor) can also influence vehicle efficiency during transport. Vehicle
capacity may be volume dependent (and not mass dependent) for lighter, high volume
materials.
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To account for these differences, the following approach and assumptions were made:

¢ Moisture content will be included as an operating parameter in truck and rail
transport unit processes. The user can enter the mass of biofuel (at pre-defined
product specifications) and moisture content. The GHG emissions intensity will be
based on total wet mass

e The vehicle capacity is determined by the mass of the cargo and not based on
volume for all biomass and biofuels (the assumption is that the density is high
enough that mass is the determinant of fuel efficiency)

B4. Lifecycle Inventory for Transportation

Transport modes and GHG intensity

Transport modes used to deliver biofuels feedstocks and biofuels include trucking, rail
and gas pipeline. The modelling of the GHG intensity of each transport mode was
developed during Milestone 2 for conventional fossil fuels. This data has been extracted
from the Milestone 2 report and presented in Table 121. These values were used in
combination with the Canadian default GHG intensities of the fuel sources to arrive at a
GHG intensity for transportation in units of g COz2 eq./tkm (total load/wet mass).

Table 121. Fuel consumption intensity of transport modes for feedstocks and biofuels

Mode of Fuel Intensity Value Fuel Source

Transport

Truck 0.0358 liters/tkm. e Diesel

Rail 0.00456 litres/tkm e Diesel

Pipeline 1641 btu / ton.mile e 98% natural gas
e 2% electricity

Average transportation distances

In the absence of facility-specific location data, users of the tool can use the default
distances in Table 122 reflecting approximated average feedstock transportation and
fuel distribution in Canada. These distances were also used in calculating the default ClI
values for low carbon fuels. Refer to section B3 for the model basis for selecting default

distances.

Table 122. Canadian average and default transportation distances for feedstocks and

biofuels.
Life Cycle Stage

Feedstock Transport

Biofuel/Feedstock

Forestry feedstocks

Average
Distance
100 km

Primary
Mode
Truck

Model Basis

Approximated based on
proximity of forestry
production facilities to
source (e.g. sawmills,
etc.)

Feedstock Transport

Agricultural feedstocks

100 km

Truck

Assumed based on use
of local feedstocks and
favourable economics of
short-distance transport
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Feedstock Transport

Natural gas (feedstock
for hydrogen)

2560 km

Pipeline

Approximated average
distance used in
Milestone 2 report

Feedstock Transport

Cooking oils / yellow
grease

100 km

Truck

Assumed based on
proximity of biodiesel
facilities to population
centres in Ontario

Fuel Distribution

Hydrogen

290 km

Truck

Assumed using method
used in Milestone 2
report

Fuel Distribution

Renewable natural gas

50 km

Pipeline

Assumed based on
coincidence of
population density and
feedstocks (e.g.
municipal solid waste)

Fuel Distribution

Biomass (un-processed,
pellet)

100 km

Truck

Approximated based on
proximity of forestry
production facilities to
source (e.g. sawmills,
etc.)

Fuel Distribution

Biofuels (liquids)

290 km

Truck

Approximated based on
distance to population
centres (aligning with
Milestone 2 report)

Fuel Transport to
Distribution Centre (Long
Distance only)

Biofuels (liquids)

600 km

Rail

Approximated based on
distance to population
centres (aligning with
Milestone 2 report)
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Appendix C. Electricity Intensities in the Clean Fuel Standard’s LCA Modeling Tool

C1. Approach

The approach for determining the electricity emission intensities in the Clean Fuel
Standard’s LCA modelling tool consists of relying upon publicly-available data that are
further augmented by ECCC to account for indirect emissions. The direct and indirect
emission intensities are modelled using Environment and Climate Change Canada’s
National Inventory Report (NIR) 1990-2015: Greenhouse Gas Sources and Sinks in
Canada and Environment and Climate Change Canada’s internal tool respectively.
Provincial and national grid emission intensities for the year of 2015 are provided as
seen in Table 123.

Table 123. Provincial and national grid emission intensities included in the Clean Fuel
Standard’s LCA modelling tool. Values are for the year of 2015 and are expressed in
tonne CO2 e/GWh.

Direct Impacts Indirect Indirect
(NIR 2017 Impacts Impatft
Annex 13 Part (ECCC e
1)) Internal Tool) LS
Min. Max.
AB 790.0 78.9 60.7 126.2 868.9
BC 12.9 63.4 55.1 | 84.9 76.3
MB 3.4 21.5 17.8 | 40.2 24.9
NB 280.0 60.9 53.1  90.2 340.9
NL 32.0 22.2 18.5 | 39.6 54.2
NS 600 114.9 97.8 | 172.7 714.9
ON 40 26.7 23.8  39.9 66.7
PEI 20 263.2 2359 319.8 283.2
Qc 1.2 10.3 76 204 11.5
SK 660.0 73.4 62.9 | 112.8 733.4
YK 41.0 Out of Scope - - Out of Scope
NW 390.0 Out of Scope - - Out of Scope
NU Confidential Out of Scope - - Out of Scope
Data
CA 140.0 341 28.2 | 539 174.1
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C2. National Inventory Report 1990-2015: Greenhouse Gas Sources and Sinks in Canada
Part 3

The NIR provides emission intensities related to the generation of electricity by the
Public Electricity and Heat Production category (IPCC Category 1.A.1.a), on a national
and provincial level. Auto-producers who either partially or wholly generate electricity for
their own use and also may sell some of their electricity to the grid are excluded from
the scope. The scope of electricity generation includes only main activity producers,
entities whose main activity is the production of electricity. The emissions associated
with the small amount of utility steam generation are therefore included within the scope
of this category. Emission intensities reflect GHG emissions associated with electricity
delivered by the grid. Energy losses in transmission and distribution are not considered.

GHG emissions reflect emissions from combustion-derived electricity. Emissions
occurring offsite, as is the case for uranium fuel production and processing for nuclear
power generation, are excluded from the scope. Additionally, nuclear, hydro, wind, solar
and tidal electricity generators only emit small gAnhydrousntities of GHGs from the use
of diesel generators as backup power supply.

Electricity generation intensity values were derived for each fuel type using GHG
emission estimates and electricity generation data. GHG emissions are based on the
total fuel consumed by the public utility sector, as provided in the RESD,1 while
generation data are from CANSIM (2005—- 2013) and the EPGTD publication (1990—
2004). Regional emission factors are applied for coal and natural gas emissions
however, for the remaining fuels, region-specific emission factors were not available
and nationally reported emission factors are applied. The complete methodology used
to develop the GHG emission intensities is discussed in Chapter 3 and Annex 3.1 of the
National Inventory Report 1990-2015: Greenhouse Gas Sources and Sinks in Canada
report.

Several Statistics Canada sources were used to provide electricity production and fuel
consumption values. Publications include the Report on Energy Supply and Demand in
Canada (RESD) (Statistics Canada 57-003-X), Electric Power Generation,
Transmission and Distribution (EPGTD) (Statistics Canada 57-202-X) and CANSIM
(Tables 1270006,127-0007 and 127-0008).

C3. ECCC Internal Tool

C 3.1. Scope

The tool is used to estimate the indirect segment of electricity emissions. Indirect
emissions can be defined as emissions that do not stem from electricity generating
processes. Examples of indirect emission sources include electricity transmission, use
of sulfur hexafluoride during transmission, herbicides, wastewater, concrete, steel,
infrastructure heating, lubricating oils, radioactive waste and vehicle operation.

C 3.1.1. Functional Unit

The tool is designed to evaluate potential environmental impacts of electricity

generation from different sources, in Canada. In order for the tool’s results to be

included in the Clean Fuel Standard’s LCA modelling tool, a functional unit of producing
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and delivering 1 MWh of electricity generated and distributed in Canada in 2017 was
used. 2015 Canadian grid mixes were applied. The tool uses the 2013 global warming
potentials implemented by the IPCC.

C. 3.1.2. Allocation Rules

Default allocation is made based on energy content. In the case of co-generation, the
allocation factor splits emissions intensities (CHP operation, infrastructures when
relevant and fuel supply too) on an energy content basis to prevent the steam emissions
from being included in the electricity emissions.

C 3.1.3. System Boundaries

The tool assesses the life cycle impacts of electricity production in Canada, from
resource mining and extraction, processing and electricity production steps, and
subsequent grid step. The life cycle of all pathways is divided in four main life cycle
steps, namely: fuel provision (when applicable), infrastructure construction, operation,
and transmission/distribution.

Details on the lifecycle stages follow:

e The Fuel provision stage includes the extraction and refining of the fuel used to produce
the electricity.

The Infrastructure stage pertains to the plant and equipment construction itself.

o The Operation stage includes the production of electricity and all the services and products
needed for this operation. Along with this stage, two sub-stages (emissions control
system) appear for some pathways: the carbon capture system and the pollution control
(NOy and SOz emissions control).

e The Transmission/Distribution includes the infrastructure, equipment, products and
services required to transport the electricity from the production site to the final user.

e The Supply and Waste management sub-systems respectively pertain, for each of the
preceding subsystems, to all of the activities that stem from:

o Resource procurement (water, energy, chemicals, materials), including the
extraction, treatment and transformation of natural resources, and the various
transports to the resource-use sites (i.e. pre-production, production, distribution,
use and end-of-life management sites).

o The transport and treatment/management of the waste generated during any of
the product’s life cycle stages, taking all of the possible recovery options into
account.

13.1.1 C3.1.4. Geographical and temporal boundaries

Some processes within the system boundaries might take place anywhere or anytime,
as long as they are needed to achieve the functional unit.

For example, the processes associated with the supply, and the waste management
(background processes) can take place in Canada or elsewhere in the world. In
addition, certain processes may generate emissions over a longer period than 2017.
This applies to landfilling, which causes emissions (biogas and leachate) over a period
whose length (several decades to over a century/millennium) depending on the design
and operation of the burial cells and how the emissions are modeled in the environment.
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13.1.2 C3.1.5. Electricity Generation Pathways
Electricity pathways included in the tool include:

e Coal steam boilers with or without carbon capture systems (CCS) using different fuels
(bituminous, sub-bituminous and lignite);

o Natural gas combined cycle or simple cycle turbines with or without CCS using
conventional or unconventional (shale gas) natural gas;

e Biomass steam boiler with or without CCS and cogeneration boiler using biomass
originating from forest, either standing wood or residue (pellets or wood chips burned in
simple cycle or cogeneration plants);

o Hydropower from reservoir or run of river types;

Onshore wind power.

¢ Natural gas converted boilers: this model covers the electricity produced from natural gas
in ancient coal-powered plants.

e Combined heat and power (natural gas): the model covers electricity produced from
natural gas originating from conventional and unconventional sites, specifically, shale gas.
Cogeneration of electricity and heat is covered in this pathway.

e Solar thermal: This model covers electricity produced in concentrated solar thermal plants.
As all the renewables, fuel provision stage is excluded for this pathway.

e Solar photovoltaic: This model covers electricity produced by photovoltaic panels. As all
the renewables, fuel provision stage is excluded for this pathway. Different technologies
and installed powers will be included in this pathway as their life cycle inventory differ.

¢ Nuclear: this model covers the CANDU technology of electricity production from nuclear
fusion.

o Diesel (off-grid generation): this model covers the electricity produced from diesel in off-
grid sites, mainly in the northern regions of the country.

o Utility-scale natural gas boilers: The model covers electricity produced from natural gas
originating from conventional and unconventional sites using boilers.

C 3.2. Data Sources

Infrastructures and fuel supply are modeled using data from the ecoinvent 3.4 database
as main basis and completed with Canadian and provincial data for the main
parameters (installed power, provenance of the raw materials, location of mines, etc.)
when available. The Operation stage data relies on Canadian data, namely NPRI for
emissions, national and province statistics for other key parameters as efficiency,
exchanges with other regions, etc. Transmission and distribution relies on ecoinvent 3.4
for infrastructure information and on Canadian and provinces statistics for the key
parameters (km on line, losses during transport). Missing data are completed with
literature sources and proxies.

C 3.3. Methodology

The tool provides emission intensities on a technology basis. A provincial emission
intensity is determined by weighting each technology in relation to its share in the
overall provincial grid mix. A national emission intensity is determined by weighting each
technology in relation to its share in the national grid mix.
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Appendix D. Supplemental Methods and Calculations Descriptions

D1. Handling Recycling in LCA

Introduction

Handling recycling of products in LCA is a special case of allocation. As shown in Figure
30, in recycling, a material has two or more lives. There are a number of different ways
to consider how the burdens of these materials and the recycling process itself are
divided. It is important to remember that there is no physical division between the two
lives so there is no ‘right’ answer to the question. Different allocations are different ways
of looking at the same system and will provide different insights. It is important,
however, to be consistent within an analysis.

How do you allocate these flows between product
1 and product 27?

Product 1 Product

s

recycling

MM

MM

—_—

ime

Figure 30. With recycling, two products are created at different times.

What do we need to consider?

Over the span of the two products, there are a number of activities that might be allotted
to one or more of the lives, including the raw material extraction and initial processing,
the collection, sorting and compost, reconditioning, packaging, transport, and what has
been avoided through the reuse of the material. Different methods apportion those
impacts differently to the first and second lives and may take into consideration further
lives of the material. In addition to consistency between product systems, there must be
consistency within a system: the same method should be used to apportion impacts at
the beginning of a product life as well as at the end (e.g., incoming recycled material
should be apportioned impacts through the same method as material leaving the
system via the recycling bin.)

Before looking at each method in detail, it is important to start with a basic
understanding of the two systems to be modeled as shown in Figure 31.
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First Life Materials First Life First Life First Life Use (Dy) Waste Handling
(A1) Conversion (B1) Distribution (Cy) (W)
Second Life Second Life Second Life Second Life Use Waste Handling
Materials (A2) Conversion (Bz) Distribution (C2) (D2) (W2)

Figure 31. The processes needed to create a product which is put into the recycle bin at
end of life (product 1) and the product created at time 2 (product 2) are designated by the
subscript.

In both lives, there is a need for materials, conversion from materials into a product,
distribution, use and then some kind of handling at end of life. These are denoted by the
letters in parenthesis following the names (e.g., A1, B2, etc.). The subscript indicates
which life the process belongs to. These indicators will be used in the equations for
each LCA recycling method.

Closed Loop Allocation Procedure

ISO 14044 distinguishes two classes of recycled product: those that have the same
properties as virgin material and those that have different properties (ISO 14044,
2006b). Specifically, section 4.3.4.3.3 of ISO 14044 states:

a) A closed-loop allocation procedure applies to closed-loop product systems. It also
applies to open-loop product systems where no changes occur in the inherent properties
of the recycled material. In such cases, the need for allocation is avoided since the use
of secondary material displaces the use of virgin (primary) materials®.

b) An open-loop allocation procedure applies to open-loop product systems where the
material is recycled into other product systems and the material undergoes a change to
its inherent properties.

The closed loop procedure described in a) above also goes by these other names:

Open-loop with closed loop procedure (ISO 14049), (ISO/TR 14049:2000(E), 2000)
avoided burden approach,

end of life approach (supported by metals industry),

recyclability substitution approach (ILCD Handbook) (European Commission -Joint
Research Centre -Institute for Environment and Sustainability, 2010),

closed-loop approximation (GHG Protocol) (Bhatia, et al., 2011)

0/100 approach.

PO~

o o

The Avoided Burden or Closed Loop approach is shown in Figure 32. If the product is
landfilled, it must take the burden of Waste Handling (Wh). If it is recycled, it takes the
burden of the refurbishment process (I) and gets credit for the amount passed on to the
second life (A2). The second life must take the burden of the virgin material which was
displaced in the first life (A2).
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Avoided Burden

First life recycle

First life landfill

First Life First Life 7 First Life First Life Use (Dy) Waste Handling
Materials (A1) Conversion (B;) Distribution (C1) (W)
Refurbishing/ First life impact (landfill) = A;+B;+C1+D1+Wq
recycling process First life (recycling) = A1+B1+C1+D1+l-Az
0] Second life impact (use of recycled matl) = Ay+B,+Co+D2+W;

Second life

Second Life Second Life Second Life Second Life Use Waste Handling
Materials (Az) Conversion (Bs) Distribution (Cz) (D2) (W2)

Figure 32. In the Avoided Burden or Closed Loop approach, the first life takes the burden
of the recycling process but gets credit for the virgin material avoided by the second life.

The closed loop procedure encourages recycling at end of life, but does little to
encourage the reuse of recycled products.

Open Loop Approaches

Economic Allocation

In economic allocation (Howard, Edwards, & Anderson, 1999), the recycled material
created from the first life becomes a coproduct. The impacts of cradle to gate (A1+B+1)
are allocated between Product 1 and Product 2 based on their sale price. If the price of
Product 1 is $90 and the price of product 2 is $10, The second life would take
(10/(90+1)) or 10% of the burden of A1+B1. This method can be applied whether or not
the material changes properties and is useful when the recycled product is very different
from the initial product. The drawback of this method is that scrap costs can be volatile
and the market in which product 1 is sold at time 1 may be very different from the
market when it is recycled. Thus it is most useful for very short lived products where the
economics are well understood. Economic allocation further drives market forces.

Number of uses

The number of uses approach (ISO/TR 14049:2000(E), 2000) is a method which is
useful when a product degrades over consecutive life cycles and is supported by many
in the paper industry (American Forest and Paper Association, 2006). Like the
economic allocation method, the impacts of cradle to gate (A1+B1) are allocated
between Product 1 and subsequent lives based on an allocation factor:

Allocation Factor for Primary product system = (1-Z1)+(Z1/u)
Allocation Factor for recycled product systems = Z1 (u-1)/u
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where :
u is the number of uses (lives)
Z1 is the percent recycled after the first use.

The drawback to the number of uses is that the modeler must know exactly how many
times a product can be recycled and must know the percent being recycled at Time 2.

The number of uses method benefits both recycling at end of life and use of recycled
material.

Cut off approach

One of the most used commonly used methods in LCA, the Cut Off approach
(Frischknecht, LCI modelling approaches applied on recycling of materials in view of
environmental sustainability, risk perception and eco-efficiency, 2010) draws a simple
boundary between Product 1 and Product 2 at the point when the user of Product 1 puts
the product in the recycle bin (Figure 33).

Cut off

First life recycle First life landfill

First Life First Life First Life First Life Use (D) Waste Handling
Materials (A1) Conversion (B1) Distribution (C1) (W)

First life impact (landfill) = A;+B1+C1+D1+W;
First life (recycling) = A;+B1+C1+D1
Second life impact (use of recycled mat'l) = 1+Bo+Co+D2+Ws

n

Refurbishing/
recycling process
I

Second life
Second Life Second Life Second Life Second Life Use Waste Handling
Materials (A;) [ | Conversion (Bs) Distribution (Cz) (D2) (Wa)

Figure 33. In the Cut-Off method, the first life takes burdens through disposal. The
second life takes the material burden-free, with the exception of the refurbishing
process.

This method is easier to apply than most other methods because it does not depend
upon market conditions, number of uses or other data. The primary beneficiary of this
approach is the user of recycled material. While the life cycle of Product 1 does not
have to take the burden of landfilling or incineration, it gains no benefit from the reuse of
the material.

As Frischknecht discusses in his 2010 article, the closed loop approaches are risk
seeking because they borrow environmental loans from future generations. The Cut Off
method, on the other hand, is risk averse: environmental burdens are strictly linked to
the product that causes them, irrespective of any potential future use.
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50/50 Approach

The 50/50 approach (which can also be adjusted based on how much useful material is
generated from a kilogram of material at end of life) allocates 50% the burdens of
(A1+B1) to each life (Ekvall, 2000). The equations for the impact look like this:

First life impact (landfill): A1 + B1 + C1 + D1+ W1
First life (recycling): A1+ B1+ C1+ D1+ 0.5"1-0.5" (A1 + B1)
Second life (use of recycled material: 0.5 * 1 + 0.5 * (A1 + B1) + B2+ C2 + D2 + W2

In the 50/50 approach, both lives benefit from the reuse of material. If the allocation
percent is 50%, it can be thought of as arbitrary, but ascertaining the exact values to
use can be burdensome. This method is gaining traction with the steel industry where
the amount of reused material is high and relatively well understood.

Market Model for System Expansion

The market model for system expansion or the market-based approach takes a
consequential approach to end of life (Weidema, 2003). If a recycled material is fully
utilized, meaning that all of the material which enters the recycling stream at end of life
is reused, the consequence of using that material would be that another user would
have to use virgin material. If a recycled material is underutilized, meaning that some of
the material entering the recycling stream is either stockpiled, landfilled or incinerated,
then the use of that material avoids the end of life impacts. The diagram for the market-
based approach is a bit different from that for the other methods and is shown in Figure
34.

Figure 34. In the market-based approach, the burdens are allocated differently depending
upon the market for recycled product.

This method is similar to the closed loop approach when recycled material is in demand.
When there is little demand it is similar to Cut Off with the addition of burden for landfill
or incineration for Product 1 and credit for that same end of life for Product 2.

The market-based approach requires a good understanding of market dynamics and the
results will change as the market changes. It is the only method for which different
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materials can be treated differently. It is also the only method which gives a credit for
avoided landfill or incineration to the second life. It is the method most often used in
consequential studies.

Summary and Recommendations

When modeling either recycling at the end of life of a product or the reuse of a material,
the choice of method will change the impacts of the product dramatically. It is important
to keep a consistent perspective or burdens (and benefits) will be double counted: One
cannot take a credit for something at end of life and at the same time avoid the burden

of it at beginning of life.

When performing a comparative assertion, the use of the Market-Based approach under
both conditions offers a comprehensive assessment of the differences between
systems. Assuming a fully utilized market has the lowest impact for the first life and the
highest impact for the second life. Assuming an underutilized market has the highest
impact for the first life and lowest impact for the second life of any of the methods
proposed to date. Thus, assessing scenarios under both conditions provides the full
scope of impact.

The Market-Based approach also makes sense as a method for assessing a recycling
process where the recycler has responsibility for collecting the waste material and
redistributing useable product. Through its efforts, the recycler is reducing the amount of
material going to landfill or incineration while reducing demands on virgin production.

Both the Market-Based approach and the Closed Loop approach seem to apply to fully
utilized markets, such as aluminum and steel. Because these materials are often
compared with products in underutilized markets, the Market-Based approach offers a
more consistent way of modeling.

In most other cases, the Cut Off method is the preferred method for several reasons:
results don’t change with changes in market conditions; it is straightforward to apply; it
does not result in “credits” which are difficult to explain and justify; and it encourages the
reuse of material while not discouraging recycling at end of life.

As repeated in this document, it is important that the method used is consistent:

1. At both beginning and end of life
2. For all product systems being compared

When methods are applied inconsistently, burdens may be double counted or applied
inconsistently, resulting in unjustifiable conclusions.

D2. Supporting Data for Cut-Off Decisions

The following results were generated using to guide decisions around exclusion of
processes from the fossil fuel and low carbon fuel life cycles. All data come from the
CEDA 4 US Environmental Input/Output database. Reference can be found here:
https://pubs.acs.org/doi/abs/10.1021/acs.est.9b00084
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Table 124. All other petroleum and coal products manufacturing, contribution to total
impact of the sector

kg CO2 eq Percent of

total
contribution
All other petroleum and coal products manufacturing 0.57564 41.2%
Petroleum refineries 0.401054 28.7%
Oil and gas extraction 0.101845 7.3%
Electric power generation, transmission, and distribution 0.08077 5.8%
Other basic organic chemical manufacturing 0.044006 3.1%
Petrochemical manufacturing 0.042443 3.0%
Natural gas distribution 0.03736 2.7%
Pipeline transportation 0.020912 1.5%
All other basic inorganic chemical manufacturing 0.008358 0.6%
Management of companies and enterprises 0.006924 0.5%
Wholesale trade 0.004722 0.3%
Truck transportation 0.004091 0.3%
Plastics material and resin manufacturing 0.003903 0.3%
Paperboard container manufacturing 0.003818 0.3%
Coating, engraving, heat treating and allied activities 0.003636 0.3%
Nonresidential maintenance and repair 0.003146 0.2%
Coal mining 0.003025 0.2%
Scientific research and development services 0.002528 0.2%
All other 0.049563 3.5%

Table 125: Natural gas distribution, contribution to total impact
kg CO2 Percent of

eq total

contribution

Natural gas distribution 2.149767 82.2%
Pipeline transportation 0.209622 8.0%
Oil and gas extraction 0.148947 5.7%
Coal mining 0.031959 1.2%
Petroleum refineries 0.005411 0.2%
Natural gas distribution 0.0052 0.2%
Electric power generation, transmission, and distribution 0.004379 0.2%
Rail transportation 0.004137 0.2%
Ornamental and architectural metal products manufacturing | 0.002962 0.1%
All other 0.052045 2.0%
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Table 126: Petroleum refineries, contribution to total impact
kg CO2 eq

Percent of

total

contribution

Petroleum refineries 1.244085 67.0%
Oil and gas extraction 0.258896 13.9%
Petroleum refineries 0.131072 7.1%
Electric power generation, transmission, and distribution 0.052593 2.8%
Natural gas distribution 0.045334 2.4%
Pipeline transportation 0.040938 2.2%
Other basic organic chemical manufacturing 0.013204 0.7%
Petrochemical manufacturing 0.010709 0.6%
All other basic inorganic chemical manufacturing 0.010267 0.6%
Wholesale trade 0.004479 0.2%
Nonresidential maintenance and repair 0.003809 0.2%
Management of companies and enterprises 0.003349 0.2%
All other 0.035556 1.9%

Table 127: Other basic organic chemical manufacturing (includes ethanol production),

contribution to total impact

kg CO: eq

Percent of

total

contribution

Other basic organic chemical manufacturing 1.762082 64.9%
Petrochemical manufacturing 0.268631 9.9%
Electric power generation, transmission, and distribution 0.134061 4.9%
Petroleum refineries 0.102316 3.8%
Natural gas distribution 0.081962 3.0%
Grain farming 0.059237 2.2%
All other basic inorganic chemical manufacturing 0.034874 1.3%
Alkalies and chlorine manufacturing 0.023938 0.9%
Plastics material and resin manufacturing 0.02192 0.8%
Fertilizer manufacturing 0.018851 0.7%
All other crop farming 0.0166 0.6%
Industrial gas manufacturing 0.009872 0.4%
Rail transportation 0.009333 0.3%
Wholesale trade 0.009172 0.3%
All other chemical product and preparation manufacturing 0.008582 0.3%
Fats and oils refining and blending 0.008433 0.3%
Management of companies and enterprises 0.008333 0.3%
All other 0.13049 4.8%
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Table 128: Fats and oils refining and blending, contribution to total impact
kg CO: Percent of

eq total

contribution

Soybean and other oilseed processing 0.340427 21.8%
Oilseed farming 0.312675 20.0%
Fats and oils refining and blending 0.227836 14.6%
Grain farming 0.076857 4.9%
Wet corn milling 0.066555 4.3%
Electric power generation, transmission, and distribution 0.066358 4.3%
Animal (except poultry) slaughtering, rendering, and processing 0.035988 2.3%
Natural gas distribution 0.034197 2.2%
Rail transportation 0.019283 1.2%
Cattle ranching and farming 0.018284 1.2%
Cotton farming 0.011743 0.8%
Truck transportation 0.010568 0.7%
Paperboard container manufacturing 0.010233 0.7%
Other plastics product manufacturing 0.010149 0.7%
Dairy cattle and milk production 0.009387 0.6%
Wholesale trade 0.008834 0.6%
All other crop farming 0.008725 0.6%
Plastics bottle manufacturing 0.008538 0.5%
All other paper bag and coated and treated paper manufacturing 0.005617 0.4%
Coal mining 0.005051 0.3%
All other 0.267901 17.2%
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