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Executive Summary

This report quantifies the greenhouse gas (GHG)
emissions profile of propane compared to other

fuels in selected applications of importance to the

U.S. propane industry. The analysis presented in this
report represents an expansion and update to a study
sponsored by the Propane Education & Research
Council and prepared by Energetics Incorporated

in 2007, Propane Reduces Greenhouse Gas Emissions:

A Comparative Analysis. This updated analysis uses

the latest data regarding energy consumption rates,
emissions factors, and equipment efficiencies to
estimate greenhouse gas emissions associated with the
use of various energy options in a range of residential
and commercial, on-road, off-road, and agriculture
applications. This study reassesses the greenhouse gas
emissions profile of energy choices in seven applications
previously analyzed in the 2007 study and for the first
time examines six new applications not considered in
the earlier study.

The results of this study show that propane is among
the most attractive options for avoiding greenhouse
gas emissions in every application considered. At the
point of use, propane emits fewer greenhouse gases
than gasoline, diesel, heavy fuel oil, or E85 ethanol per
unit of energy. Natural gas (methane) generates fewer
greenhouse gas emissions per British thermal unit
than propane, but methane is chemically stable when
released into the air and produces a global warming

Table E.l. Analyzed Applications by Market Segment

effect 25 times that of carbon dioxide. This means
that | kilogram of methane produces the same effect
in the atmosphere as 25 kilograms of carbon dioxide.
Propane’s short lifetime in the atmosphere and low
carbon content distinguish it from other fuel sources
as an important energy option in a carbon-constrained
world.

The table on the following pages provides a summary of
propane’s greenhouse gas emissions profile across the
applications analyzed in this study. The following notes
add clarity to the table:

¢ All greenhouse gas emissions results are normalized
to the emissions of propane for easy comparison.
These normalized results have no units. Lower
numbers represent lower GHG emissions.

* The results for applications are normalized within
each technology category, where applicable. For
example, in distributed generation, all results for
30 kW generator sets (gensets) are normalized to the
results for the 30 kW propane-fueled genset while
results for 100 kW gensets are normalized to the
results for the 100 kW propane genset.

* Each application was assessed based on a defined
duration of service, such as heating a home for
one year or driving 100 miles. Comparisons across
applications are not meaningful.

Residential and Commercial On-Road Off-Road Agriculture
* |0-ton gas engine-driven heat pump | ®* GM 6.0L engine | * Commercial mowers * Irrigation
* Desiccant dehumidifiers * Ford F-150 ¢ Distributed generation engines
* Residential space heating * Ford F-250 * Forklifts
* Residential water heaters * School buses * Ground service equipment
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Table E.2. Greenhouse Gas Emissions Profiles for Selected Applications

Propane Reduces Greenhouse Gas Emissions: A Comparative Analysis 2009

E 10-Ton Gas Desiccant Residential Residential GM 6.0L
ngine-Driven - . : . Ford F-150
Dehumidifiers | Space Heating | Water Heating Engine
Heat Pump
Natural Gas | 0.86 | Desiccant 0.89 | Natural Gas | 0.99 | Solar with 0.40 | 2010 Chevy | 1.00 | Ethanol 0.95
Engine- Dehumidifier Furnace Propane Express (E85)
Driven Heat with Backup Cutaway
Pump Natural Gas Storage Tank (Propane)
Regeneration
Propane 1.00 | Desiccant 1.00 | Propane 1.00 | Natural Gas | 0.86 | 2009 Chevy | 1.27 | Propane 1.00
Engine- Dehumidifier Furnace Storage Tank Express
Driven Heat with Propane Passenger
Pump Regeneration Van
(Gasoline)
Central 1.02 | Desiccant 2.97 | Electric Heat | 1.10 | Propane 1.00 | 2009 Chevy | 1.34 | Gasoline 1.21
Air Source Dehumidifier Pump Storage Tank Express
Electric Heat with Electric Cutaway
Pump (Best Regeneration (Gasoline)
Available)
Central I.14 | Desiccant 1.91 | Standard- I.13 | Fuel Oil 1.21
Air Source Dehumidifier Efficiency Storage Tank
Electric Heat with Hot Air Source
Pump (2010 Water Heat Pump
Standard) (Natural with Propane
Gas-Fueled) Furnace
Regeneration Backup
Central 1.34 | Desiccant 2.14 | Fuel Oil 1.60 | Electric 2.08
Air Source Dehumidifier Furnace Storage Tank
Electric with Hot
Heat Pump Water
(Current (Propane-
Standard) Fueled)
Regeneration
Natural Gas 1.42 | Desiccant 3.99 | Electric 2.75 | Natural Gas | 0.68
Furnace Dehumidifier Baseboard Tankless
and Central with Hot
Air Source Water
Electric Air (Electric)
Conditioner Regeneration
Propane I.52 | Energy Star | 0.96 | Electric 3.21 | Propane 0.79
Furnace Refrigerant Furnace Tankless
and Central Dehumidifier
Air Source
Electric
Air
Conditioner
Fuel Oil 1.70 | Refrigerant 1.06 Electric 2.00
Furnace Dehumidifier Tankless
and Central (Current
Air Source Standard)
Electric
Air
Conditioner
Electric 2.64
Furnace
and Central
Air Source
Electric
Air
Conditioner
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Table E.2. Greenhouse Gas Emissions Profiles for Selected Applications (cont’d.)

o Ground : L
Ford F-250 School Dlstrlbu'Fed Forklifts Service Commercial Irrlge}tlon
Buses Generation Equi Mowers Engines
quipment
2010 Roush | 1.00 | Diesel 0.96 | 30 kW 0.87 | Electric 0.86 | Propane | 1.00 | 23 hp Air | 1.00 | Electric 0.84
F-250 Prime Belt Cooled
(Propane) Micro- Loader Kawasaki
Turbine Propane
(Natural
Gas)
2009 I.I'l | Propane | 1.00 | 30 kW 1.00 | Com- 0.98 | Gasoline | 1.85 | Kubota 1.25 | Natural 0.95
Propane Prime pressed Belt D-902 Gas
Conversion Micro- Natural Loader Diesel
Kits for Turbine Gas (20-23.5
F-250 (Propane) hp)
2008 Ford I.16 | Comp- 1.03 | 30 kW 1.27 | Propane | 1.00 | Propane | 1.00 | 23 hp Air | 1.94 | Ethanol 0.99
F-250 ressed Prime Bag Cooled (E85)
Superduty Natural Micro- Tractor Kawasaki
(Diesel) Gas Turbine Gasoline
(Diesel)
2009 Ford 1.23 | Gasoline | .21 | I00kW | 0.91 | Diesel 1.08 | Gasoline | 1.58 Propane 1.00
F-250 Genset Bag
5.4L V-8 Standby Tractor
(Gasoline) (Natural
Gas)
2008 Ford 1.30 100 kW 1.00 | Gasoline | 1.24 | Propane | 1.00 Diesel 1.13
F-250 Genset Cabin
Harley Standby Service
Davidson (Propane) Truck
Model 6.4L
Power
Stroke
(Diesel)
100 kW .19 Gasoline | 1.58 Gasoline 1.32
Genset Cabin
Standby Service
(Diesel) Truck
200 kW | 0.91 Propane | .00
Genset Tow
(Natural Truck
Gas)
200 kW 1.00 Gasoline | I.18
Genset Tow
(Propane) Truck
200 kW 1.08
Genset
(Diesel)
Notes:

All greenhouse gas emissions results are normalized to the emissions of
propane for easy comparison. These normalized results therefore have no

units. Lower numbers represent lower greenhouse gas emissions.

The results for applications are normalized within each technology category,
where applicable. For example, in distributed generation, all results for 30
kW gensets are normalized to the results for the 30 kW propane-fueled

genset while results for 100 kW gensets are normalized to the results for the

100 kW propane genset.

Each application was assessed based on a defined duration of service, such

as heating a home for one year or driving 100 miles. Comparisons across
applications are not meaningful.
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|. Purpose of This Report

Growing concern about the potential effects of
greenhouse gas (GHG) emissions has increased

the focus on technologies and energy sources

that can reduce these emissions. Policymakers in

the United States and abroad are considering a

variety of options for addressing the issue, including
carbon “cap-and-trade” schemes, carbon taxes, and
voluntary agreements to limit GHG emissions. As an
Environmental Protection Agency (EPA)-approved
clean alternative fuel, propane offers lower greenhouse
gas emissions than many other energy options without
compromising performance in a wide range of
applications (Clean Air Act of 2004; Energy Policy Act
of 2005).

This study quantifies the greenhouse gas emissions
profile of propane compared to other energy sources

Table I.1. Analyzed Applications by Market Segment

in |3 selected applications of importance to the U.S.
propane industry and the nation. The study builds on
an earlier report, Propane Reduces Greenhouse Gas
Emissions: A Comparative Analysis, which was published
in 2007. Cutting across propane market segments,
including residential and commercial, on-road, off-road,
and agriculture, this analysis uses energy consumption
rates, emissions factors, and equipment efficiencies
for various energy options to estimate greenhouse

gas emissions associated with the use of those energy
options.

The information contained in this report is intended
to inform the propane industry and consumers as
they make important decisions regarding mitigation of
greenhouse gas emissions.

¢ Residential water heaters ¢ School buses

Residential and Commercial On-Road Off-Road Agriculture
* |0-ton gas engine-driven heat pump | * GM 6.0L engine | * Commercial mowers * Irrigation
* Desiccant dehumidifiers * Ford F-150 * Distributed generation engines
* Residential space heating * Ford F-250 * Forklifts

* Ground service equipment
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2. About Greenhouse Gases
and Climate Change

Greenhouse gases keep the earth at a comfortable
temperature, allowing most of the energy from the
sun to pass through the atmosphere and warm the
earth while blocking much of the outward radiation
from the earth. However, increasing concentrations
of greenhouse gases in the atmosphere are cause
for concern. The most recent report from the
Intergovernmental Panel on Climate Change (IPCC)
cited “unequivocal” evidence that the world is now
warming due to human activity, and that “most of
the warming is very likely (odds 9 out of 10) due to
greenhouse gases” (IPCC 2007b).

Greenhouse Gases Compared to Criteria
Air Pollutants

Greenhouse gases are different than the criteria air
pollutants that have been regulated by the EPA since
1970. Criteria pollutants, which include ozone, nitrogen
dioxide, sulfur dioxide, carbon monoxide, lead, and
particulate matter, are released in the atmosphere from
fuel leaks, secondary reactions, or undesired byproducts

during combustion. While these pollutants cause health
problems and contribute to smog and acid rain, they do
not directly contribute to climate change. The amount
of criteria air emissions depends on several variables,
including fuel characteristics, combustion conditions,
and the use of pollution control equipment, and it is
sensitive to maintenance and operational practices (EPA
2008).

In contrast, GHGs currently are not federally regulated.
Unlike criteria pollutants, the most prevalent GHG
emission — carbon dioxide (CO,) — is a necessary
byproduct of fossil fuel combustion. The amount of
carbon dioxide released depends not on leaks or side
reactions, but on the amount of carbon in the fuel and
the amount of fuel consumed. While chemically reactive
criteria air pollutants stay in the air for days or months,
greenhouse gases are nonreactive and remain in the
atmosphere for decades to centuries (Rubin and Rao
2002). The three GHGs of primary concern for the
purposes of this study are CO,, methane (CH,), and
nitrous oxide (N,O). The IPCC has identified several

Table 2.1. Important Differences Between Carbon Dioxide and Criteria Air Pollutants

Carbon dioxide

Criteria pollutants

Source of emissions

* Necessary byproduct of combustion .

Fuel leak or undesired byproduct of
combustion

Regulation
in the United States

* Currently unregulated at federal levels .

Federally regulated by the Clean Air Act

Quantity released

* Depends mainly on carbon content of .
fuel and amount of fuel consumed

Depends on many factors, such as side
reactions or leaks

Scale of impact * Global

Local or regional

Lifetime in atmosphere | ® Decades to centuries

* Days to months

2 Propane Reduces Greenhouse Gas Emissions: A Comparative Analysis 2009




other greenhouse gases, such as hydrofluorocarbons
(HFCs) and sulfur hexafluoride, but these are not
considered in this report because they are not products
of fossil fuel combustion.

Greenhouse Gas Emissions from Fuel
Combustion

In general, lighter hydrocarbons release less CO,
during combustion than heavier hydrocarbons
because lighter hydrocarbons consist of fewer carbon
atoms per molecule. The mass of CO, released per
British thermal unit (Btu) of fuel — the “carbon
content” — is a good first-order indicator of the CO,
emissions comparison between fuels. The carbon
content for eight common fuels is shown in Table 2.2.

While it is a good indicator, carbon content represents
only one component of the CO, emissions equation.
The amount of fuel consumed plays an equally
important role. Fuel consumption varies by fuel type
and technology for each application. For example,
since compression (diesel) engines are generally more
efficient than spark-ignition engines, part of the CO,
emissions disadvantage of diesel compared to other
fuels is offset. (Further details for estimating CO,
emissions are provided in the Methodology section.)

Small amounts of CH, and N,O are also emitted
during combustion, though they represent a much
smaller portion of the human-caused greenhouse gases
compared to COZ. In the United States, CH . and NZO
together represent less than | percent of the total
CO,-equivalent emissions from stationary combustion
sources (EPA 2008).

Figure 2.1. End-Use CO, Emissions for Various Fuels

Table 2.2. CO, Released per Btu

Fuel Type kg CO, per million Btu
Natural Gas 53.06
Propane 62.30
Ethanol (E85) 66.70
Motor Gasoline 70.88
Kerosene 7231
Diesel Fuel 73.15
Heavy Fuel Oil 78.80
Bituminous Coal 93.46
Estimates based on chemical composition of the fuel with 100 percent
combustion, and based on average speciation of transportation fuels,
except kerosene, heavy fuel oil, and bituminous coal, which are based
on average speciation for stationary combustion use.
Source: EIA 2007

The greenhouse gas footprint of propane is relatively
small compared to other fuels in terms of total
emissions and emissions per unit of energy. Propane has
the lowest on-site emission rate of the major energy
sources, with the exception of natural gas (see Figure
2.1). In terms of life-cycle greenhouse gas emissions,
propane produces significantly lower emissions than
gasoline, diesel, and electricity on a per-Btu basis (see
Figure 2.2). Actual life-cycle emissions levels depend on
the nature and efficiency of the end-use application and
therefore must be estimated on an application-specific
basis.

100.0
90.0
80.0
z 00 78.8
g . 70.9 72.3 73.2
g 60.0 66.7
E 50.0
]
-8
o 40.0
U
& 300
20.0
10.0
0.0
Natural Propane Ethanol Motor Kerosene Diesel Hea Bituminous
Gas (E85) Gasoline Fuel Fuel Oil Coal

Source: EIA 2007

End-use emissions estimates based on chemical composition of the fuel with 100 percent combustion.
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Figure 2.2. Total Greenhouse Gas Emissions for Various Fuels

220.0)
T End-Use Emissions (Other Fuels)
3 120.0
P M End-Use Emissions (LPG)
g 100.0 | Upstream Emissions 908 91.4
=
S
¢ 80.0 74.4
3- 68.1 70.8
64.6
% 60.0
z 70.9 73.2
-3
w 53.1 62.3
o 40.0 53.1 66.7
]
£ 200
m m B o
oo NIE mrm
Natural Ethanol Compressed LPG Gasoline Diesel Electricity
Gas (EB5) Natural Gas

Sources: EPA 2009, GREET |.8¢c

End-use emissions estimates based on chemical composition of the fuel with 100 percent combustion.
Actual life-cycle emissions vary by application; in many cases, electricity provides more useful energy on a per-Btu basis.

Propane represents a small but important part of the
U.S. energy sector. Figure 2.3 shows the contribution
of the major fuels with propane representing
approximately 2 percent of energy consumed in the
United States in 2007.

Figure 2.3. Shares of U.S. Energy Consumption
(2007) (Total: 78,823 trillion Btu)

Matural Gas
0,

70

Other
Petroleum
8%

Source: EPA 2009 (Table A-10)

Because of propane’s relatively low GHG emission
rate, its share of GHG emissions is smaller than its
share of energy supply. Figure 2.4 shows the relative
contribution to total U.S. GHG emissions by fossil fuel
combustion and from other sources. Greenhouse gas
emissions from fossil fuel combustion represent

80 percent of total emissions, while propane
combustion represents only | percent of total U.S.
GHG emissions.

The remaining balance of emissions (20 percent) is
from industrial processes that emit CO, directly (e.g.,
cement kilns), methane (e.g., landfills and natural

gas leaks), nitrous oxide (e.g., agricultural fertilizer),
and fluorine-containing halogenated substances (e.g.,
hydrofluorocarbons [HFCs], perfluorocarbons [PFCs],
and sulfur hexafluoride [SF ] from refrigerants and
industrial processes).

Figure 2.5 illustrates the relative contribution to total

energy-related CO, emissions for the United States in
2007. Although propane contributes approximately

2 percent of the U.S. energy supply, its share of energy-

related CO, emissions is just more than | percent. Coal,
the highest-emitting major fuel, represents

28 percent of the U.S. energy supply while generating

37 percent of energy-related CO, emissions.
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Figure 2.4. Shares of Greenhouse Gas Emissions (2007)

(Total: 7,150 million metric tons CO,)

Other
Petroleum
7%

Matural Gas
%

20% of U.S.GHCG

Source: EPA 2009 (Table ES-2)

Propane’s Effect on Greenhouse Gas
Emissions

Propane is not a direct greenhouse gas when

released into the air. Propane vapor is unstable in the
atmosphere — it is chemically reactive and commonly
removed by natural oxidation in the presence of sunlight
or knocked down by precipitation. It is also removed
from the atmosphere faster than it takes for it to
become well mixed and have impacts on global climate.
Current measurements have not found a global climate
impact from propane emissions.' 2

When used as a fuel, propane does emit CO, and small
amounts of N,O and CH,. Upstream extraction and
production of fuels such as propane from natural gas or
crude oil generates greenhouse gas emissions, and end-
use combustion of any hydrocarbon releases CO, as
discussed in the previous section. However, compared
to conventional fuel supplies, propane generates fewer
GHG emissions in almost every application. At the
point of use, propane has a lower carbon content than
gasoline, diesel, heavy fuel oil, or ethanol (Table 2.2).
Natural gas (methane) generates fewer CO. emissions

2
per Btu than propane, but natural gas is chemically

Figure 2.5. Shares of Energy-Related Greenhouse Gas
Emissions (2007) (Total: 5,735 million metric tons CO,)

Matural Gas
21%

Other
Petroleum
8%

Liquefied
Petroleum
Gas (LPG

i

Source: EPA 2009 (Table A-11)

stable when released into the air, producing a global
warming effect 25 times that of CO,. This means that
| kilogram of CH, produces the same effect as

25 kilograms of CO,,.

With propane’s short lifetime in the atmosphere and
low carbon content, it is advantageous when compared
to many other fuels in many applications.

Upstream vs. End-Use Emissions

When quantifying the greenhouse gas emissions

that result from the use of energy, it is important

to distinguish between the emissions released at

the location where the energy is consumed and the
emissions released as a result of extracting, processing,
and transporting a refined and usable energy product
to that location. The fuel life cycle begins where the
raw feedstock is extracted from the well or mine and
ends where the fuel is consumed to power a vehicle,
appliance, or other technology.

Emissions released at the point of use are termed “end-
use emissions,” while those emissions that occur along
the delivery pathway are termed “upstream emissions.’
Upstream emissions include all emissions resulting from

)

. The Intergovernmental Panel on Climate Change (IPCC) reports that “Given
their short lifetimes and geographically varying sources, it is not possible to
derive a global atmospheric burden or mean abundance for most VOC from
current measurements.” VOCs explicitly include propane (IPCC TAR 2001).

2. While VOCs participate in the formation of tropospheric ozone, the climate
effect from ozone is not highly understood by scientists and is not one of the six
greenhouses gases being considered for regulation by Congress.

Propane Reduces Greenhouse Gas Emissions: A Comparative Analysis 2009 5



Figure 2.6. Upstream Supply Chain

Imports

Retail
Customer
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sagige Fissions Upstream emissions
30,000 Gallons include all emissions

>

from well through
delivery. End-use
emissions include only
those released during
customer use.

Retail Plant

Source: Energy Information Administration 2008

the recovery, processing, and transport of fuel to the
point of delivery to the end user.

Energy use during the recovery, processing, and
transport of fuels is not the only source of upstream
emissions. Other production processes also release
greenhouse gases. For example, the growing of crops
for biofuels production requires the application of
nitrogen fertilizer, which causes the formation of nitrous
oxide, while natural gas refining causes the release of
fugitive emissions of methane. The emissions from these
processes have been quantified by the Greenhouse
Gases, Regulated Emissions, and Energy Use in
Transportation (GREET) Model, developed by Argonne
National Laboratory on behalf of the U.S. Department
of Energy, making it a valuable tool for comparative life-
cycle analyses of fuel systems.

The inclusion of upstream emissions in an analytical

comparison of different fuel options can have

a significant impact on the results. Limiting the
comparison to end-use emissions only, for example, can
give the impression that electricity, with zero end-use
emissions, is an energy source with no greenhouse gas
emissions. Limiting the analysis to end-use emissions
would therefore mask the large fraction of upstream
emissions caused by the combustion of fossil fuels for
the purpose of electricity generation.

This analysis is intended to give a full life-cycle estimate
of greenhouse gas emissions resulting from the use of
propane and other fuels for specific applications. By
reporting upstream and end-use emissions separately,
this report intends to provide a better picture of

the impacts of different fuels and a more useful and
informative data set than would be provided by
aggregating emissions or restricting the analysis to end-
use emissions only.

6 Propane Reduces Greenhouse Gas Emissions: A Comparative Analysis 2009



This section describes the general methodology used
for all applications. Application-specific assumptions are
provided in Appendix B.

Basis for Comparison of Applications

Thirteen different propane applications were analyzed
in order to quantify the life-cycle greenhouse gas
emissions of propane-fueled systems compared to
systems powered by other fuels. These |3 applications
were selected to represent not only a variety of market
sectors, but also a range of market shares — from
well-established propane markets such as forklifts to
emerging propane technologies such as the propane-
fueled light-duty truck or the propane-fueled whole-
house desiccant dehumidifier.

Each propane technology was compared to systems
using other fuels commonly employed for the same
application. Operational variables such as size, hours
of operation, and frequency of use were chosen to
represent an average or typical use of the technology.
Data was obtained from published test results, vendor-
supplied specifications, and government studies, and
was supplemented with other sources to determine
what constituted a typical use. These sources were
also used to estimate the energy efficiency of each fuel
system. For most applications, the efficiencies were
used to determine the amount of fuel needed to deliver
an equivalent energy service (e.g., miles traveled or
heat supplied) for propane and for each competing
fuel option. For some fuels, such as electricity, energy
efficiency differences from propane are the result of
two different technology designs. In other instances,
however, there are only slight differences in technology
design between the propane-configured technology
and alternate fuel configurations. Where application-
specific data was not available, the relative efficiencies
of the fuel systems under comparison were based on
efficiencies reported for similar technologies.

3. Methodology

Upstream Analysis

Upstream emissions as defined in this analysis are

the sum of all emissions resulting from the recovery,
processing, and transport of fuel from wellhead to the
point of delivery to the end user. These emissions are
quantified by the GREET model version |.8¢c, which
was used to estimate the upstream portion of the life-
cycle GHG emissions of each fuel system evaluated in
this study. The model is used to calculate emissions, in
grams per million Btu, of multiple pollutants, including
the three greenhouse gases evaluated in this study: CO,,
CH,, and N,O.

Table 3.1 gives the upstream emission factors used in
this study, which were obtained by running the GREET
model version |.8c.

Table 3.1. Upstream Emissions Factors (grams per
million Btu)

co, | cH, |No | Total €O,
equivalent
Propane 9.195 | 115 | 0.16 | 12,124
Natural Gas* 5,480 239 | 0.09 11,471
Compressed | 11,468 | 247 | 0.17 17,684
Natural Gas
(CNG) 213067 | 287 | 2.81 | 221,083
Electricity 16812 | 109 | 1.14 | 19,871
Gasoline 15488 | 105 | 0.25 | 18,175
Diesel 10,464 | 109 |30.64| 1,385
E85

* Model output for CNG with compression efficiency set to 100 percent
(removing emissions from compression).
Source: GREET 2009

Upstream emissions factors will vary depending on the
model’s input parameters. These parameters include
the type, fractional share, and efficiency of power plants
used to generate electricity; market shares of different

Propane Reduces Greenhouse Gas Emissions: A Comparative Analysis 2009 7



fuel formulations; fuel feedstock shares and refining
efficiencies; and fuel transportation mode, distance, and
mode share. For all fuels except uncompressed natural
gas, the default parameter values in the model were
used to calculate upstream emission factors.?

The upstream emissions associated with propane
production depend on its feedstock — natural gas or
crude oil. Propane is separated from natural gas during
production and from crude oil during refining. The
model attributes to propane, on a Btu-fractional basis,
emissions produced from the recovery and refining of
these feedstocks before the separation of propane.* As
a result, the upstream emissions attributed to propane
depend on the relative contribution of natural gas and
crude oil to propane production. The feedstock shares
for propane used for this analysis are 60 percent from
natural gas and 40 percent from crude, which are the
default values in GREET. Propane produced from crude
oil has slightly higher GHG emissions than propane
produced from natural gas refining.

Table 3.2 shows the formulas used to calculate total
upstream GHG emissions. Upstream emission factors
(in grams per million Btu) were multiplied by total fuel
consumption required by each fuel system (in million
Btu) in order to obtain total upstream emissions for
CO,, CH,, and N,O. The total mass of each gas was
multiplied by its global warming potential (GWP).
Total upstream emissions of GHGs, in metric tons

of CO, equivalent, were obtained by summing the
metric tons of CO,, CH,, and N,O. The values used
for global warming potential were those developed
by the Intergovernmental Panel on Climate Change
(IPCC 2007). Following the widely accepted convention
established by the IPCC, results were reported in
metric tons of CO, equivalent.

Table 3.2. Upstream GHG Emissions

Metric tons of each GHG, calculated for each fuel:

metric tons (GHG) = grams (GHG)/MMBtu (fuel) *
MMBtu of fuel consumed / 10¢

Total CO, equivalent, calculated for each fuel:

Total metric tons of CO, equivalent = metric tons
CO,*(I) + metric tons CH_*(25) + metric tons
N,0%(298)

End-Use Analysis

End-use emissions are specific to the technology
used for each application, and therefore different
sources were necessary to estimate various end-use
emission factors. The U.S. Department of Energy and
the Environmental Protection Agency publish end-
use carbon content emission factors for a number of
different technologies and were the source of some of
the end-use emission factors used in the applications
analyzed. Other sources of end-use emission factors
include Delucchi 2000 and GREET |.8c. For vehicle
applications, end-use emission factors were based on
those used in the GREET model for 2005 model year
vehicles.?

Total end-use emissions were obtained in the same way
as total upstream emissions, by summing the GWP-
adjusted end-use emissions of CO,, CH,, and N,O.
Unlike upstream emissions factors, however, the units
used for end-use emission factors depended on the
application. While Btu-based emission factors were
applied to some of the applications, the total mass of
GHGs emitted from light- and medium-duty trucks

was calculated on a grams-per-mile basis, rather than a
grams-per-MMBtu basis. The formulas used to calculate
end-use emission factors are shown by application in
Table 3.3.

Table 3.3. End-Use GHG Emissions

Water heaters, forklifts, irrigation pumps, space
heaters, calculated for each fuel:

metric tons (GHG) = grams (GHG)/MMBtu (fuel) *
MMBtu of fuel consumed / 10°

Light-duty trucks, medium-duty trucks, calculated for

each fuel:

metric tons (GHG) = grams (GHG)/mile * miles
traveled / 10¢

All applications:

Total metric tons of CO, equivalent = metric tons
CO,*(I) + metric tons CH,*(25) + metric tons
N,0*(298)

3. GREET is designed to quantify the life-cycle emissions of vehicles, and because
vehicles using natural gas run on compressed natural gas (CNG), the model
does not allow the user to select uncompressed natural gas as a fuel choice.
Some applications in this study, however, required the comparison of propane
to uncompressed natural gas. Because the compression of natural gas requires
a significant amount of energy (and therefore adds to its upstream emissions),
the GREET model input for natural gas compression efficiency was set to
100 percent in order to remove the emissions associated with compression.
Compression efficiency as defined by the GREET model is equal to HV/(energy
in + HV), where HV is the heating value of the fuel. Setting efficiency at
100 percent therefore makes the value for energy in equal to zero.

4. Inother words, all products produced from either crude or natural gas are
assumed to begin their life cycle at the wellhead, even though they have
not been physically separated from the feedstock. If a given product stream
represents 5 percent of the Btu content of the feedstock, for example, then
that product is assigned 5 percent of the emissions attributed to the feedstock
before refining and separation. This method of assigning emissions is not
influenced by the economic value of the product or feedstock.

5. These emission factors were obtained from the spreadsheet “greet|.8c_0.xls.”
Vehicle performance data is tabulated for every fifth model year. The user must
select the year 2010 to get performance data for 2005 model year vehicles.
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4. Summary of Findings

Figure 4.1. 10-Ton Gas Engine-Driven Heat Pump
Heating and Cooling Provided Separately

1.00 Heat Pump (Separate Furnace and Air Conditioner)
2.50
2.00
1.50 1.70
1.00
0.86
0.50
0.00
MNatural Gas Propane Central Air Central Air Central Air Natural Gas Propane Fuel Qil Electric
Engine-Driven  Engine-Driven Source Electric Source Electric Source Electric ~ Furnace and Furnace and Furnace and Furnace and
Heat Pump Heat Pump Heat Pump Heat Pump Heat Pump Central Air Central Air Central Air Central Air
(Best Available) (2010 S dard) (Current Source Electric Source Electric Source Electric Source Electric

Standard) Air Conditioner Air Conditioner Air Conditioner Air Conditioner

Note: Results are normalized to propane engine-driven heat pump. Comparisons between heat pumps and heating and cooling provided separately are valid
using this graph.

Figure 4.2. Desiccant Dehumidifiers

Desiccant Dehumidifier Desiccant Dehumidifier with Hot Water Refrigerant Dehumidifier
4.5
I I I
4
35
3
2.97
2.5
2
1.5
1.0
0.89
0.5
0
Desiccant Desiccant Desiccant Desiccant Desiccant Desiccant Energy Star Refrigerant
Dehumidifier Dehumidifier Dehumidifier Dehumidifier with Dehumidifier Dehumidifier Refrigerant Dehumidifier
with Natural Gas with Propane with Electric Hot Water with Hot Water With Hot Water Dehumidifier (Current
Regeneration  Regeneration  Regeneration (Natural Gas- (Propane-Fueled)  (Electric) Standard)

Fueled) Regeneration Regeneration Regeneration

Note: Results are normalized to desiccant dehumidifier with propane regeneration. Comparisons between desiccant dehumidifiers, desiccant dehumidifiers
with hot water, and refrigerant dehumidifiers are valid using this graph.
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Figure 4.3. Residential Space Heating

3.50
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250 r
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Figure 4.4. Residential Water Heaters

Storage Tank Water Heaters Tankless Water Heaters
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Note: Results are normalized to propane storage tank water heater. Comparisons between storage tank and tankless water heater units are valid using this
graph.

Figure 4.5. GM 6.0L Engine Figure 4.6. Ford F-150
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Figure 4.7. Ford F-250
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Figure 4.8. School Buses
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Figure 4.9. Distributed Generation
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Note: Results are normalized to propane emissions for each genset type. Comparisons between different genset types are not meaningful because of the
different service requirements of each genset type.
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Figure 4.10. Forklifts
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Figure 4.11. Ground Service Equipment (GSE)

- Average of All GSE Belt Loaders Bag Tractors Cabin Service Truck Tow Truck
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Note: Results are normalized to propane emissions for each vehicle type. Comparisons between different vehicles types are not meaningful because of the
different service requirements of each vehicle type.

Figure 4.12. Commercial Mowers
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Figure 4.13. Irrigation Engines
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The following pages present a series of one-page
summaries for the thirteen applications considered in

this study. Each summary contains energy end-use data,
market data, and a comparison of the greenhouse gas
emissions of fuels used in the application. The summaries
also include a listing of key assumptions and references. A
complete list of assumptions and references for each
application is provided in Appendix B.

Residential and Commercial Applications

* 10-ton gas engine-driven heat pump —10-ton
propane-fueled heat pumps provide both heating
and cooling in commercial buildings, combining the
functions of furnaces and air conditioners into a single
unit. Currently, nearly 80 percent of commercial
buildings with packaged heat pumps use electricity
as the energy source for heating (EIA 2003a), and
nearly 100 percent use electricity for cooling, though
interest in propane- and natural gas-fueled engines for
this purpose are growing (EIA 2003b).

* Desiccant dehumidifiers — Desiccant dehumidifiers,
fueled by propane, natural gas, or electricity, offer
an alternative technology to remove moisture
from indoor air for residential and commercial use.
Approximately 91,000 U.S. households utilize high-
capacity humidifiers capable of removing more than
75 pints of water per day (Census Bureau 2008;
Swager and Lee 2009).

* Residential space heating — Homes are most
commonly heated by either a centralized system
that moves warm air through ducts or hot water
through pipes, or by separate heating units (usually
electric) distributed throughout the home. Furnaces
can be gas-fired (natural gas or propane), oil-fired, or
electric. Approximately 7.6 million U.S. households
rely on propane for home heating (EIA 2009).

* Residential water heaters — Residential water
heaters include both tank storage units as well as
instantaneous (“tankless”) water heaters. Both types

14

5. Applications

of water heaters can be gas-fueled or electric. Fuel oil
and solar power are also used for storage tank water
heating. Approximately 5.8 million U.S. households
use propane for water heating (EIA 2009).

On-Road Applications

* GM 6.0L engine — The GM 6.0-liter engine is used in
several General Motors commercial vehicle models,
including the Chevy Express Cutaway Van and the
Chevy Express Passenger Van. The powerful V-8
engine, which provides upwards of 300 horsepower,
has been designed for quiet operation and optimum
performance for commercial use.

* Ford F-150 — Light-duty trucks, such as the Ford
F-150, constitute a significant portion of the U.S.
vehicle fleet. While gasoline fuels the majority of light-
duty trucks in the United States, ethanol (E85) and
propane have gained greater use in recent years.

* Ford F-250 — The Ford Super Duty F-250 is a
larger, heavier model truck than previous models
built for commercial and industrial use. Roush has
incorporated a liquid propane injection system into
the F-250 engine, and other manufacturers offer
conversion kits that can be used to convert gasoline-
fueled vehicles to propane-fueled vehicles.

* School buses — Medium-duty engines are used for
many commercial and municipal vehicles, including
school buses. Diesel currently fuels the majority of
school buses in the United States, despite the EPA
considering its exhaust to be one of the air pollutants
that pose the greatest risks to public health. With
approximately 450,000 school buses running each
school day (School Bus Fleet 2007), many school
districts have been moving to alternative fuels such as
propane and compressed natural gas to address this
emissions issue.
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Off-Road Applications

* Commercial mowers — Turfgrass on residential
lawns, sports fields, golf courses, parks, roadsides,
and public and commercial land covers more than
40 million acres in the United States (Milesi et al
2005). This turfgrass requires frequent, sometimes
daily mowing which contributes to greenhouse
gases. While commercial mowers are typically
fueled by gasoline or diesel, small engine technology
advancements and alternative fuel technologies have

allowed propane-fueled mowers to enter the market.

Distributed generation — Distributed generation
(DG) technology provides electricity to off-grid
areas and serves as a backup source of power for
hospitals, factories, telecommunication centers, and
other crucial operations. In total, approximately 12.3
million DG units are currently installed in the United
States (DG Monitor 2005), running mainly on diesel
fuel, although the use of systems that are fueled by
propane and natural gas is rapidly growing.

Forklifts — Unlike most vehicles, forklifts use fuel for
both vehicle propulsion and load lifting work. Indoor
air quality concerns restrict the use of diesel for
heavy-duty jobs; electric forklifts are normally used
for light-duty jobs, while propane can be used for
both.

* Ground service equipment — Different types of

airport ground service equipment, including catering
vehicles, pushback tugs, baggage carts and handlers,
air starters, belt loaders, and tow trucks, perform
functions to support aircraft operation between
flights. The use of alternative fuels for ground service
needs can reduce the greenhouse emissions from
airport operations, helping airports to comply with
Voluntary Airport Low Emission Vehicle Program
(VALE) standards.

Agriculture Applications

* Irrigation engines — U.S. farms rely on

approximately 500,000 irrigation pumps to deliver
water from reservoirs, lakes, streams, and wells

for crop production (USDA 2004). The majority of
irrigation pumps operate using electric motors and
diesel fuel. The smallest pumps are often operated by
electric motors, while higher capacity wells tend to be
operated by diesel, natural gas, and propane engines.
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|0-Ton Gas Engine-Driven Heat Pump

A 10-ton (120,000 Btu/hr) propane engine-driven heat pump provides both
heating and cooling for commercial use. Heat pumps are an alternative to

Heat sink

operating two separate heating (usually via a furnace or boiler) and cooling -
(via dedicated air conditioner) devices. Heat pumps function by transferring -
heat between a source and a sink using a relatively small amount of energy, & .

typically driven by an electric motor or a propane- or natural gas-fueled G i

engine operating a compressor (see diagram).

Compressor
driven by
electric motor
or fuel engine

Energy efficiency standards for electric heat pumps, furnaces/boilers, and
central cooling units have been established by the federal government and
represent a consistent means for comparison against the propane-fueled
engine heat pump. Federal standards apply to commercial package air
conditioning and heating equipment with capacities of 65,000—135,000 Btu/ Source: GrEnergy 2009

hr. Greenhouse gas emissions analyses were conducted for two types of

heat pumps (air source and water-cooled) and for separate heating and cooling units. The propane and natural gas engine
heat pumps analyzed in this study transfer heat via an air-sourced configuration.

Evaporator

Market Data

* Nearly 80 percent of commercial buildings with packaged =~ * The cooling energy source for commercial packaged heat

heat pumps use electricity as the energy source for heating. pumps in the United States is provided by electricity in
The remaining units use natural gas, propane, or other fuel nearly 100 percent of units, according to a 2003 survey
to provide heat (EIA 2003a). by the Department of Energy (EIA 2003b).
Energy End-Use and Climate Change Energy Use Annual !_lfe-cycle GHG Emissions
C . (million Btu per per unit (kg CO, equivalent per
omparison 2
year) year)
Heating/Cooling Unit Heating | Cooling | Upstream End-use Total
Natural Gas Engine-Driven Heat Pump 90.1 130.0 2,670 11,700 14,200
Propane Engine-Driven Heat Pump 90.1 130.0 2,520 13,800 16,500
CAS* Electric Heat Pump (Best Available)' 33.8 42.4 16,800 0 16,800
CAS Electric Heat Pump (2010 Standard)? 41.0 44.3 18,800 0 18,800
CAS Electric Heat Pump (Current Standard)? 45.0 54.8 22,100 0 22,100
Natural Gas Furnace and CAS Electric Air
Conditioner? 173.0 54.8 14,100 9,220 23,300
Propane Furnace and CAS Electric Air
Conditioner? 173.0 54.8 14,200 10,900 25,100
Fuel Oil Furnace and CAS Electric Air
Conditioner3 173.0 54.8 15,300 12,800 28,010
Electric Furnace and CAS Electric Air
Conditioner? 142.0 54.8 43,600 0 43,600
Note: Totals may not add due to rounding.
*CAS is the acronym for Central Air Source.
Key Assumptions Footnotes
I. Energy use and greenhouse gas emissions per year are based on I. Bestavailable unit in the category of Central Air Source Electric Heat
delivering 100 million Btu of heat and 100 million Btu of heat removed Pump 65-135 kBtu/hr (DOE 2009c).
(cooling). This is equivalent to a 10-ton unit operating at capacity for 2. CAS Electric Heat Pump 65135 kBtu/hr. Standards are based on federal
10 percent of the year. regulations as specified by the U.S. Department of Energy (DOE 2009a)
2. GHG emissions from point of extraction to point of use are based on 3. CAS Electric Air Conditioner 65-135 kBtu/hr. Furnace energy standards
GREET model |.8c. are for units less than 225 kBtu/hr. Both the furnace and air conditioner

operate at current minimum federal energy standards (DOE 2009a).

See Appendix B for full list of assumptions and references.

16 Propane Reduces Greenhouse Gas Emissions: A Comparative Analysis 2009



Desiccant Dehumidifiers

High-capacity dehumidifiers are designed to remove between 75 and
185 pints of water from the air per day. They can be configured with

a refrigerant system or a regenerative desiccant. These two types of
systems work differently but perform the same function of removing
moisture from indoor air. Currently, the most common type for
residential use is an electric-powered refrigerant dehumidifier. Desiccant

dehumidifiers, which use propane, natural gas, and/or electricity, Desiceant <SG feactiution
represent an alternative technology for high-capacity residential Wheel Dehumidified
dehumidification. Source: NovelAire 2004 Air
Desiccant dehumidifiers adsorb moisture from the indoor air in the Market Share of
rotating dehumidification wheel and return the dry air back to the indoor Desiccant Dehumidifier Classes
space (see diagram). The moisture-containing portion of the wheel
rotates into a regeneration section. Heat from a propane, natural gas, hot
water, or electric heater causes the wheel to release its moisture, which
is exhausted to the outside. Energy efficiency standards for high-capacity
residential refrigerant dehumidifiers have been established by the federal
government and present a consistent means for comparison with the
desiccant dehumidifier technology.

Less than— —More than

25 pints/day 75 pints/da
6% pl% X

Marke t Data Source: Swager and Lee 2009

e About 91,000 households in the United States use high-capacity dehumidifiers (removes >75 pints/day) (Census
Bureau 2008, Swager and Lee 2009).

Energy Use . -
. &Y 3 Annual Life-cycle GHG Emissions per
Energy End-Use and Climate Change (Btu per pint . : :
. unit (kg CO, equivalent per pint of
Comparison of water 2
water removed)
removed)
Dehumidification Unit Heating Upstream End-use Total
Desiccant Dehumidifier with Natural Gas Heater' 1,730 0.048 0.085 0.133
Desiccant Dehumidifier with Propane Heater! 1,730 0.049 0.100 0.149
Desiccant Dehumidifier with Electric Heater! 2,000 0.443 0 0.443
Desiccant Dehumidifier with Hot Water
.104 .182 2
(Natural Gas)? 3,700 0.10 0.18 0.285
De5|ccant2Dehum|d|ﬂer with Hot Water 3,700 0.106 0.214 0.320
(Propane)
Desmc;ng Dehumidifier with Hot Water 2,700 0.596 0 0.596
(Electric)
Energy Star Refrigerant Dehumidifier (Electric)? 646 0.143 0 0.143
Current §tandard Refrigerant Dehumidifier 718 0.159 0 0.159
(Electric)
Note: Totals may not add due to rounding.
Key Assumptions Footnotes
I. Energy use for desiccant dehumidifiers are based on manufacturer- I. Desiccant dehumidifier with regeneration system fueled by propane or
published specifications at full load nameplate capacity at Association of natural gas, or powered by electricity is based on NovelAire Comfort
Home Appliance Manufacturers (AHAM) standard conditions (80°F Dry 400 (NovelAire 2009a).
60 percent relaFi\{e humidity). Energy use for refrigerant dehumidifiers 2. Desiccant dehumidifier with hot water to regenerate the desiccant
are based on minimum Energy Star or federal standards as noted. cassette is based on NovelAire Comfort Dry 250 (NovelAire 2009b).
2. Dehumidifier capacity for all types evaluated in the study fall in the range The water is heated with a propane, natural gas, or electric water tank.
of 75.—.| 85 pints of water removed per 24 hours of operation at AHAM 3. Refrigerant dehumidifiers adhere to energy standard for high-capacity
conditions. units qualifying for Energy Star status (EPA 2009).
3. GHG emissions from point of extraction to point of use are based on 4. Refrigerant dehumidifiers adhere to federal energy standard for
GREET model |.8c. residential units with capacity of more than 75 pints per day, as stipulated
See Appendix B for full list of assumptions and references. by Energy Policy Act of 2005 (DOE 2009).
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Residential Space Heating

Homes are most commonly heated by either a centralized system that moves warm air through ~ Space-Heating

ducts or hot water through pipes and radiators, or by separate heating units (usually electric) Fuels Used by U.S.
distributed throughout the home. Furnaces can be gas-fired, oil-fired, or electric; most gas Households (million
furnaces can be fueled by either natural gas or propane. Most heat pumps use electricity to heat  households)

homes by moving heat and only rely on electrical resistance when they cannot gather enough Other

heat from the air. This makes heat pumps more efficient than electric radiators and allows them Kirasaca 123 Propans
to deliver more heat energy than the electricity that heat pumps consume. Dual-fuel systems Fuel Ol

also combine electric-powered heat pumps with propane-fueled furnaces.

Because boilers have the same range of energy efficiencies as furnaces, they were not added to
this analysis, but their greenhouse gas emissions can reasonably be assumed to be comparable
to those of furnaces. Similarly, a number of different electric resistance heating units can be used
to heat rooms, but because they all convert nearly 100 percent of electricity into useful heat,

their emissions impact will be similar to electric baseboard heating.
Source: EIA 2009

Market Data
¢ Approximately 7.6 million U.S. households rely on propane for home heating (EIA 2009).

Energy End-Use and Climate Change BEnergyhUsg Anljuall(le?-ocycle GHIG EmlssLons'per
Comparison (Btu per heating unit (kg CO, equivalent per heating
P |
system per year) system per year)

Unit Upstream End-use Total
Natural Gas Furnace 46.7 536 2,490 3,020
Propane Furnace 46.7 566 2,490 3,050
Electric Heat Pump 15.3 3,370 0 3,370
Standard-Efficiency Air Source Heat Pump
with Propane Furnace Backup 35.1 1,600 1,850 3,450
Fuel Oil Furnace 53.1 965 3,910 4,870
Electric Baseboard 38.0 8,400 0 8,400
Electric Furnace 44.4 9,810 0 9,810
Note: Totals may not add due to rounding.
Key Assumptions Footnotes
I. Estimated useful heat delivered by a propane furnace was 38 million Btu I. Based on a furnace delivering 38 million Btu of useful heat, typical of a

and was based on an average energy consumption of 52.6 million Btu per furnace in a winter climate zone such as the mid-Atlantic.

year of propane in a region with 4000-5499 heating degree days (EIA
2001) after estimated average efficiency (15 percent) and duct losses
(15 percent) were applied.

2. Energy efficiencies are based on the highest annual fuel utilization
efficiency (AFUE) reported in the GAMA Directory of Certified
Efficiency Ratings (GAMA 2006) for gas and fuel oil furnaces with greater
than 60,000 Btu/hr ratings.

3. Assumed |00 percent conversion efficiency of electric heaters and
electric furnaces.

See Appendix B for full list of assumptions and references.
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Residential Water Heaters

Propane residential water heaters include both tank storage units and instantaneous
(“tankless”) water heaters. While storage water heaters keep a constantly available supply of
hot water, tankless units heat water as it is supplied to the end user. Both storage and tankless
units can be gas-fueled or electric. Gas water heaters are designed to run on either propane households)?

or natural gas. Fuel oil and solar power, however, are only used for storage tank water heating. Fuel Propane ocher
Solar water heaters frequently use electricity to pump water through the collector, and solar Oil. 58 _ Fuels
water heating systems almost always require a conventional heater as a backup for cloudy e g
days (DOE 2005d). Heat pump water heaters use electricity to move heat rather than to
generate heat directly. They are more efficient than electric water heaters, but very few are
commercially available.

Water-Heating
Fuels Used by U.S.
Households (million

Sources: EIA 2009

Market Data
* Approximately 5.8 million U.S. households use propane for water heating (EIA 2009).

Energy End-Use and Climate Change SIEE A Annual Life-cycle GHG Emissions per
. (MMBtu per unit . . ;
Comparison | unit (kg CO, equivalent per unit per year)
per year) 2
Unit Upstream End-use Total
Storage Tank |Solar with Propane
Heater Backup 7.00 73.5 398 472
Natural Gas 15.8 181 841 1,020
Propane 15.8 192 992 1,180
Fuel Oil 15.6 283 [,140 1,430
Electric 1.1 2,460 0 2,460
Tankless Water |Natural Gas 12.4 143 663 806
Heater Propane 2.4 I51 782 933
Electric 10.7 2,360 0 2,360
Note: Totals may not add due to rounding.
Key Assumptions Footnotes

I. Energy efficiencies are based on the highest energy factor reported in l.
the GAMA Directory of Certified Efficiency Ratings (GAMA 2006). Solar
water heater energy efficiency is based on DOE 2005c.

2. Fuel consumption of propane storage tank heater is based on average 2.

Based on equal hot water delivery compared to a propane storage water
heater using an average 5.8 MMBtu/yr (EIA 2001), equal to 173 gallons
of propane per year.

Includes all types of water heaters.

See Appendix B for full list of assumptions and references.

residential energy consumption for water heating. Tankless propane fuel
consumption is based on relative efficiency compared to a tank heater.
See Appendix B for efficiency values (energy factors) used.

3. The solar water heater uses electricity for fluid circulation, which delivers
60 percent of water heating load with the remaining 40 percent from a
backup propane-fueled system.
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GM 6.0L Engine

The GM 6.0-liter engine is a powerful engine that is used in General Motors’
commercial vehicles, including the Chevrolet Express Van (both Passenger
and Cargo) and Chevrolet Express Cutaway. These vehicles and their
applications require versatility and reliability, which can be provided by the
GM 6.0-liter V-8.

The engine, part of GM’s Gen IV V-8 engine family, is designed for quiet
operation, featuring a quieter alternator, full-floating piston pins, and an
externally mounted dampening patch on the oil pan. The 6.0-liter engine
also offers a fast-idle option that is ideal when it is necessary to run multiple
accessories while idling at a worksite. The engine provides long-lasting
performance and engine components that can reduce maintenance needs.'

A growing number of federal and state vehicle emission standards and regulations have increased the availability of engines
that can be run on alternative fuels, including propane. Propane’s high Btu content and low emissions can offer efficient and
reliable power for commercial vehicles, while reducing greenhouse gas emissions.

Market Data

* The Chevrolet Express Cargo/Passenger Van and  * The 6.0-liter V-8 provides 323 horsepower in the
Chevrolet Express Cutaway offer a variety of engine Chevrolet Express Cutaway and 300 horsepower in the
options, including a 4.3-liter V-6 (Cargo/Passenger only); Chevrolet Express Cargo/Passenger Van.
4.8-liter V-8 (Cargo/Passenger Van only); 5.3-liter V-8,
which offers an ethanol option; 6.0-liter V-8; and 6.6-liter
diesel-fueled V-8.

Energy End-Use and Climate Sy L Annual Life-cycle GHG Emissions per unit
. (Btu per 100 . !
Change Comparison miles) (kg CO, equivalent per 100 miles)
Unit Upstream End-use Total
2010 Chevy Express Cutaway
6.0L Propane Engine 1,090,000 13.2 69.8 83.0
2009 Chevy Express Passenger
Van 6.0L Gasoline Engine 1,180,000 21.7 84.1 106
2009 Chevy Express Cutaway
6.0L Gasoline Engine 1,246,000 22.8 88.5 11
Note: Totals may not add due to rounding.
Key Assumptions Footnotes
I. We assume that the fuel economy of the 2009 Chevy Express Cutaway I. Energy use for propane vehicle is based on variable engine load drive
6.0L Gasoline Engine is 95 percent of the fuel economy of the 2009 cycle and 90 percent of the gross vehicle weight rating (GVWR).

Chevy Express Passenger Van 6.0L Gasoline Engine, due to the higher
gross vehicle weight of the Cutaway.

See Appendix B for full list of assumptions and references.
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Ford F-150

Light-duty trucks, such as the Ford F-150, constitute a significant portion
of the U.S. vehicle fleet. While gasoline fuels the majority of light-duty
trucks in the United States, the use of ethanol (E85) and propane has
increased in recent years. The Roush F-150 pickup uses Liquid Propane
Injection (LPI) technology to make the F-150 a dedicated propane
vehicle. Using an engine computer specifically calibrated for propane,
the LPI system directly replaces the original equipment manufacturer
(OEM) gasoline injection system. The propane-fueled F-150 offers the
same performance as a gasoline-fueled pickup truck. Ethanol (E85) may
also be used in Ford’s flex-fuel model of the F-150, which can be fueled
by either regular gasoline or E85 (composed of 85% ethanol and 5% petroleum by volume).

Market Data

* The Ford F-series pickup trucks have been the top-selling vehicles in the United States for 27 consecutive years, with
close to | million vehicles sold in each of the past several years (Ford Motor Company 2009).

Energy End-Use and Climate 215y Annual Life-cycle GHG Emissions per unit
: (MMBtu per vehicle per : .
Change Comparison year)' (kg CO, equivalent per vehicle per year)
Unit Upstream End-use Total
Ethanol (E85) 85.1 118 5,860 5,980
Propane 85.1 1,030 5,280 6,320
Gasoline 85.1 1,690 5,960 7,660

Note: Totals may not add due to rounding.

Key Assumptions Footnotes
I. Fuel efficiencies used are from the GREET model for 6,000-8,500 Ibs. |. Based on a pickup truck traveling 10,000 miles per year at 4.7 miles per
GVWRs of vehicles were used to calculate fuel use for equivalent miles gasoline-equivalent gallon.

traveled. See Appendix B for values.
2. GHG emissions factors for E85 are specifically for combustion in a flex-
fuel vehicle.

See Appendix B for full list of assumptions and references.
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Ford F-250

Current generation Ford Super Duty F-250 trucks are
larger, heavier-built commercial/industrial series pickup
trucks with body-on-frame steel ladder frames, heavier
axles, springs, brakes, and transmissions than the light-
duty F-150. The F-250’s standard medium-duty engine is
also more powerful than the F-150’s and is either a 5.4L-
modular V-8 or a 6.4L powerstroke V-8 diesel.

The Roush retrofit of the F-250 pickup uses LPI

technology to make the F-250 a dedicated propane

vehicle. Using an engine computer specifically calibrated for propane, the LPI system directly replaces the OEM gasoline
injection system. Changes to the standard F-250 include a 62-gallon in-bed fuel tank, stainless steel fuel lines, aluminum fuel
rails, Roush tuning, and related hardware.

Other manufacturers, such as Technocarb, PRINS, and IMPCO, offer conversion kits for medium-duty trucks such as the
Ford F-250. These propane conversion kits reportedly reduce the fuel economy of a vehicle by up to 15 percent, while some
do not reduce fuel economy at all. This analysis examines the emissions-reducing capabilities of these propane kits and the
dedicated propane F-250 as compared to F-250s fueled by other sources.

Market Data

* The Ford Super Duty is a line of commercial trucks (over 8,500 Ibs., or 3,900 kg, GVWR) introduced in 1998 for the 1999
model year. The F-250 to F-550 Super Duty trucks are assembled at the Kentucky Truck Assembly in Louisville, Kentucky.

Energy End-Use and Climate Change ity e Annual Life-cycle GHG Emissions per unit
C : (Btu per 100 . !
omparison miles) (kg CO, equivalent per 100 miles)
Unit Upstream End-use Total
2010 Roush F-250 Propane 830,000 10.1 53.8 63.9
2009 Propane Conversion Kits for F-250 922,000 1.2 59.5 70.7
2008 Ford F-250 Superduty Diesel 809,000 14.7 59.2 73.9
2009 Ford F-250 5.4L V-8 Gasoline 866,000 17.2 61.6 78.8
2008 Ford F-250 Harley Davidson Model
6.4L Power Stroke Diesel 906,000 16.5 66.4 82.8

Note: Totals may not add due to rounding.

Key Assumptions

l. Based on reported fuel economies, each vehicle was assumed to travel 100 miles. The total GHG emissions were calculated based on the total fuel used to travel
100 miles. Results were normalized to the Roush 2010 F-250 LPG total GHG emissions.

2. The EPA does not measure the fuel economy of medium-duty trucks such as the F-250. All reported F-250 fuel economy data is taken from secondary sources.

3. The Roush 2010 F-250 propane-fueled truck is still in the developmental stages. Roush estimates a 600-mile range from 55 usable propane gallons.

See Appendix B for full list of assumptions and references.
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School Buses

Medium-duty engines are used for many commercial and municipal vehicles,
including school buses. Diesel currently fuels the majority of school buses in
the United States today, despite the fact that exposure to diesel exhaust is
known to cause a number of adverse health effects.

Diesel exhaust is also among the air pollutants considered by the EPA to
pose the greatest risks to public health (CARB 1998, EPA 2003). Asa
consequence, many school districts across the country have been looking
for alternatives to diesel in order to fuel their school bus fleets. A propane-
fueled school bus using an EPA-certified 8. 1L LPI system is one such
alternative.

Market Data

* There are approximately 450,000 school buses transporting ~ ® Propane fuels more than 1,400 of the school buses in the
24 million school children each school day (School Bus United States (PERC 2000).

Fleet 2007).
Energy End-Use and Climate S SR Annual Life-cycle GHG Emissions per bus
: (MMBtu per bus per :
Change Comparison year)' (kg CO, equivalent per bus per year)
Unit Upstream End-use Total
Diesel 189 3,440 13,800 17,300
Propane 240 2,900 15,100 18,000
Compressed Natural Gas 252 4,460 14,000 18,500
Gasoline 240 4,770 17,000 21,800
Note: Totals may not add due to rounding.
Key Assumptions Footnotes
I. Uses fuel efficiencies for diesel and CNG buses reported in ANTARES I. Based on a standard size (Type C) school bus traveling 9,000 miles per
Group 2004. year.

2. Fuel efficiencies for propane- and gasoline-fueled vehicles were
estimated by applying the ratio of fuel efficiencies used by the GREET
model for 6,000-8,500 Ibs. GVW vehicles (the largest size class in the
model) to CNG school bus fuel efficiency reported by ANTARES Group.

See Appendix B for full list of assumptions and references.
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Distributed Generation

Distributed generation refers to the production of electricity at or near the point

at which the power is used. Distributed generation systems are used in residential,
commercial, and industrial sectors as a prime source of electricity or as a backup
source in case of emergency. Prime generators are often used in remote areas not
reached by the power grid or by users that require greater reliability than the local
utility can provide. Backup generators include standby supply for hospitals, factories,
telecommunication centers, and other critical operations.

Generation capacities for on-site usage typically range from a few kilowatts to several
hundred kilowatts. Types of DG that are fueled by propane include microturbines,
generator sets (gensets), polymer electrolyte membrane (PEM) fuel cells, and solid oxide
fuel cells (SOFC)." Microturbines operate like jet engines that produce electricity instead
of thrust, while gensets consist of a combustion engine driving an electrical generator.

an emissions profile representative of common distributed generation use.

Market Data

have the ability to generate electricity on site, with
78 percent of those businesses using DG for emergency
backup generation (EIA 2006).

Inc. 2006).

Fuel cells generate electricity by the chemical combination of fuel and oxygen. GHG emissions analyses were conducted for
three combinations of capacities, operating use (prime/standby), and type (microturbine/genset), and are intended to present

* In total, there are approximately 12.3 million DG units ¢ Most of the installed DG capacity is combustion gensets,

installed in the United States with an aggregate capacity with alternative types of DG rapidly growing. The
of 222 GW (DG Monitor 2005). microturbine industry is an emerging technology, with

* In the commercial sector, about 5 percent of businesses the leading supplier — Capstone — having delivered
’ P about 2,500 units (30 kW and 60 kW units) (Gas Plants,

Caterpillar G3508

See Appendix B for full list of assumptions and references.

Energy End-Use and Climate R Energy U?e DG Annual Life-cycle GHG Emissions per unit
Change Comparison of hepresentative (kg CO, equivalent per year)
(MMBtu/unit/yr)? 2
Unit Upstream End-use Total
Natural Gas 1,100 12,700 58,800 71,500
30 kW prime
microturbine Propane 1,100 13,400 69,100 82,600
Diesel 1,150 20,900 84,300 105,000
100 kW Natural Gas 22.0 253 1,170 1,420
standby Propane 20.9 253 1,300 1,560
genset Diesel 203 370 1,490 1,860
Natural Gas 5,360 61,500 285,000 346,000
200 kw
prime genset Propane 5,090 61,700 318,000 380,000
Diesel 4,490 81,700 329,000 411,000
Note: Totals may not add due to rounding.
Key Assumptions Footnotes
I. Energy use is based on vendor specs for power-only (no CHP) 60Hz I. GHG emission profiles for PEMs and SOFCs have not been separately
gensets operating at |00 percent nameplate load for 7 hours per day for evaluated in this study.
prime and 20 hours per year for standby gensets. 2. Representative generators for 30 kW microturbines: Capstone C30
2. Emissions from point of extraction to point of use are based on GREET Liquid Fuel, Capstone C30 Natural Gas; |00kW genset: John Deere
model |.8c. J150U, Cummins 100GGHH; 200kW genset: Armstrong A|D200,
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Forklifts

operate in the United States.

United States
80,000 Forklift Units Shipped:
70,000 M Electric [l Propane
60,000
50,000
40,000
30,000
20,000

10,000

0

Electric and Propane Forklift Units Shipped in the

Forklifts are used to engage, lift, and transfer palletized loads in warehousing,
manufacturing, materials handling, and construction applications. They are rated into
one of six classes: Class |-3 forklifts are electric-motor driven and Class 4-6 are driven
by internal combustion engines. More than 670,000 propane-fueled forklifts currently

Unlike most vehicles,
forklifts use fuel

not only for vehicle
propulsion (with
maximum speeds
usually of 10—15 mph)
but also for load lifting
work. A large variety of forklifts can run on propane. Other
energy sources commonly used to power forklifts are
electricity, compressed natural gas, gasoline, and diesel. Fuel
choice may depend on load size and air quality concerns;
electric forklifts are normally used for light-duty jobs, while
diesel fuel is typically used for heavy-duty loads and is
restricted to outdoor use for air quality reasons. Propane is

to vehicle propulsion and one-third goes to lifting.
2. For forklifts powered by fuels other than propane, the relative

fuel required for lifting work.

See Appendix B for full list of assumptions and references.

I. Assumes as in Delucchi 2000 that two-thirds of forklift energy use goes

efficiencies of lifting and propulsion compared to a propane-based
system were used to estimate the fuel consumption of those vehicles.

3. Thermal engine efficiencies estimated by Delucchi were used to calculate

4. Relative fuel efficiencies used by the GREET model for 6,000-8,500 Ibs.
GVW vehicles were used to calculate fuel required for propulsion.

2004 2005 2006 2007 2008 used for both light- and heavy-duty applications.
Source: ITA 2006
Energy End-Use and Climate FiepylLls Annual Life-cycle GHG Emissions per forklift
. (MMBtu per forklift : .
Change Comparison | (kg CO, equivalent per forklift per year)
per year) 2
Unit Upstream End-use Total
Electric 25.6 5,650 0 5,650
Compressed Natural Gas 91.6 1,620 4,860 6,480
Propane 88.5 1,070 5,520 6,590
Diesel 78.2 1,420 5,720 7,140
Gasoline 89.9 1,790 6,380 8,170
Note: Totals may not add due to rounding.
Key Assumptions Footnotes

I. Based on an average propane-fueled forklift using 973 gallons of propane
per year (Delucchi 2000) while operating at less than 100 horsepower.
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Ground Service Equipment

Ground service equipment includes vehicles that service and support
the operations of aircraft between flights on the airport apron. Examples
include catering vehicles, pushback tugs, baggage carts and handlers, air
starters, belt loaders, and tow trucks.

Ground service equipment frequently sits unused for long periods of
time, during which traditionally used diesel fuel tends to stratify, creating
performance issues. Additionally, daily usage of ground service equipment
in the busy aviation industry has created increasing emissions concerns. In
2003, Congress established the Voluntary Airport Low Emission Vehicle
Program (VALE) to reduce airport ground emissions at commercial
service airports located in air quality nonattainment and maintenance
areas.

Using propane to power ground service equipment can help to address

these issues. Rather than stratifying while stagnant, propane remains in a

uniform state. Additionally, this analysis demonstrates the potential of propane-fueled ground service equipment to respond
to increasing regulations through a reduction in greenhouse gas emissions.

Market Data

* Commercial service airports are defined as public airports ¢ The aviation industry contributes only 3 percent of global

receiving scheduled service and with more than 2,500 greenhouse gas emissions, but that number is expected
enplaned passengers in a year. According to the Federal to increase to 5 percent by 2050 (Airports Council
Aviation Administration, in 2007 there were 517 existing International North America 2008).

commercial service airports.

Energy End-Use and Climate Energy Use Annual Life-cycle GHG Emissions per unit
Change Comparison (Btu per hour) (kg CO, equivalent per hour)

Unit Upstream End-use Total
Average Propane N/A N/A N/A 8.38
Gasoline N/A N/A N/A 12.6
Belt Loaders Propane 74,800 0.907 4.7 5.63
Gasoline 114,000 2.26 8.16 10.4
Propane 124,000 1.51 7.86 9.37

Bag Tractors :
Gasoline 162,000 3.21 1.6 14.8
Cabin Service Propane 111,000 1.34 7.0l 8.35
Truck Gasoline 144,000 2.87 10.4 13.2
Propane 135,000 1.64 8.53 10.2
Tow Truck Gasoline 131,000 261 9.4l 12.0

Note: Totals may not add due to rounding.
Key Assumptions

. Ground service equipment results are based on the calculated GHG emissions per hour.

2. The data in this analysis is based on a study conducted by the Air Canada Ground Handling Services and Transport Canada (Propane-Powered Airport Ground-
Support Equipment Winter 2006).

3. ltis assumed that the propane used during the study in Canada is of the same composition as propane produced in the United States.

See Appendix B for full list of assumptions and references.
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Commercial Mowers

Commercial mowers are used on a daily basis to maintain the health and appearance
of residential lawns, sports fields, golf courses, parks, roadsides, and other public
and commercial lands. Due to the vast amount of lawns and turfgrass in the United
States requiring this level of care, mowing contributes significantly to greenhouse
gas emissions to the point where many cities have banned the use of gasoline-fueled
commercial mowers before | p.m. on Ozone Action Days. As a result, smaller and
cleaner commercial mowers are highly desirable and sometimes mandated by law.

Propane-fueled mowers deliver propane from large tanks mounted on the mower to
the engine through a clean, closed fuel system. This system results in fewer burned
hydrocarbons entering the crankcase oil, which extends oil life, reduces maintenance
needs, and improves overall system efficiency. The following analysis demonstrates
propane’s additional potential to reduce greenhouse gas emissions when used to
power commercial mowers.

Market Data

emissions per hour under medium to heavy load for a propane, gasoline,
and diesel mower.

2. Propane and gasoline mower data is based on a study conducted by the
Department of Plant Sciences at University of Tennessee, “Emissions,
Economic and Performance Analysis of a Propane vs. Gasoline Fueled
Mower.” February 2009.

3. The fuel consumption of a lawn mower is assumed to be based on the
engine size (horsepower) and the load on the mower.

See Appendix B for full list of assumptions and references.

* Turfgrass is the largest irrigated crop in the United States, * The total annual economic impact of the turfgrass
covering more than 40 million acres (Milesi et al 2005).! industry in the United States is an estimated $62 billion
(Haydu 2006).
Energy End-Use and Climate Energy Use Annual Life-cycle GHG Emissions per unit
Change Comparison (Btu per hour) (kg CO, equivalent per hp-hr)
Lawnmower Unit Upstream End-use Total
23 hp AC Kawasaki Propane 94,100 0.050 0.258 0.308
Kubota D-902 Diesel
(20—23.5 hp) 83,200 0.076 0.308 0.383
23 hp Air Cooled Kawasaki 15.000 0.130 0.468 0.598
Gasoline ’ : ) )
Note: Totals may not add due to rounding.
Key Assumptions Footnotes
I. Commercial lawn mower results are based on the calculated GHG I. Based on calculation that 168, 812 km? = 40,478,826.7 acres.

Propane Reduces Greenhouse Gas Emissions: A Comparative Analysis 2009

27



Irrigation Engines

Irrigation pumps deliver water from reservoirs, lakes, streams, and wells to farm IWater outlet to field
fields at essential times to ensure productive crop harvests. Most irrigation pumps .
are centrifugal, driven by an engine connected to the drive shaft (see diagram). The ] Eg:: ;*tl:fdt

smallest pumps are often operated by electric motors, while higher capacity wells to engine

tend to be operated by diesel, natural gas, and propane engines.' hidan

Energy Sources  The energy required to run a pump is measured in terms of
of U.S. Irrigation fuel consumption or electric power use of the engine driving
Pumps the shaft. Most irrigation pumps range in size from 30 to
300 horsepower and operate at a steady speed and load for
many hours, often 24-48 hours nonstop. The effectiveness in Source: Scherer 1993

converting fuel or electricity to mechanical power to drive the

irrigation pump varies based on the type of engine, operating conditions, engine load, and maintenance.

This emissions analysis compares properly loaded and maintained |00-horsepower engines driving
centrifugal irrigation pumps. Operating an irrigation pump at speeds outside of its optimal range can

0;§§r Natura: increase engine load, drastically decreasing engine performance and increasing fuel consumption.
Gasoline Prupane‘z'
6,000 18,000

Source: USDA 2004

Market Data

* |n 2003, growers spent approximately $1.55 billion on  * In the United States, there are approximately 500,000

energy for irrigation (USDA 2003). irrigation pumps, powered by fuels and electricity
(USDA 2004).
Energy Use' from
Energy End-Use and Climate 100 hp Irrigation  |Annual Life-cycle GHG Emissions per 100 hp
Change Comparison Pumps Irrigation Pump (kg CO, equivalent)
(MMBtu/unit/yr)
Unit Upstream End-use Total
Electric 217 47,900 0 47,900
Natural gas 842 9,660 44,700 54,400
Ethanol (E85) 829 [,150 55,300 56,500
Propane 767 9,300 47,900 57,200
Diesel 704 12,800 51,600 64,400
Gasoline 829 16,500 58,800 75,300
Note: Totals may not add due to rounding.
Key Assumptions Footnotes
I. Upstream emissions (from point of extraction to point of use) are based I. Electricity (Smajstrla and Zazueta 2003; DOE-EPA 2007); Natural gas
on GREET model |.8c. (Evans, Sneed, and Hunt 1996); Ethanol E85 (Smajstrla and Zazueta

2003; DOE-EPA 2007); Propane (Smajstrla and Zazueta 2003); Diesel
(Smajstrla and Zazueta 2003); Gasoline (Smajstrla and Zazueta 2003).

2. Credit is given to ethanol for carbon sequestration during crop

2. Emissions at point of use are based on a 100 hp irrigation pump
operating 749 hours per year.

See Appendix B for full list of assumptions and references. production.
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Appendix A. Glossary

Carbon Dioxide (CO,) Equivalent

The amount of carbon dioxide by weight emitted into
the atmosphere that would produce the same estimated
radiative forcing as a given weight of another radiatively
active gas. Carbon dioxide equivalents are computed

by multiplying the weight of the gas being measured

(for example, methane) by its estimated global warming
potential (which is 21 for methane). "Carbon equivalent
units" are defined as carbon dioxide equivalents
multiplied by the carbon content of carbon dioxide (i.e.,
12/44) (EIA 2009).

End Use

Pertaining to the ultimate consumption of energy or fuel
(adapted from “end user,” EIA 2009).

Global Warming Potential (GWP)

An index used to compare the relative radiative
forcing of different gases without directly calculating
the changes in atmospheric concentrations. GWPs

are calculated as the ratio of the radiative forcing that
would result from the emission of one kilogram of

a greenhouse gas to that from the emission of one
kilogram of carbon dioxide over a fixed period of time,
such as 100 years (EIA 2009).

Greenhouse Gases (GHG)

Those gases, such as water vapor, carbon dioxide,
nitrous oxide, methane, hydrofluorocarbons,
perfluorocarbons, and sulfur hexafluoride, that are
transparent to solar (short-wave) radiation but opaque
to long-wave (infrared) radiation, thus preventing long-
wave radiant energy from leaving Earth's atmosphere.
The net effect is a trapping of absorbed radiation and a
tendency to warm the planet's surface. (EIA 2009).

Life Cycle

The process from raw material acquisition (including
exploration and production) through end use by the
consumer.

Radiative Forcing

A change in average net radiation at the top of the
troposphere (known as the tropopause) because of

a change in either incoming solar or exiting infrared
radiation. A positive radiative forcing tends on average
to warm Earth's surface; a negative radiative forcing

on average tends to cool Earth's surface. Greenhouse
gases, when emitted into the atmosphere, trap infrared
energy radiated from Earth's surface and therefore tend
to produce positive radiative forcing (EIA 2009).

Upstream

Pertaining to any process, or the sum total of processes,
used to produce or deliver energy up to the point of
consumption by the end user, consisting of all processes
used in the transformation of raw feedstock into

fuel, including raw material extraction, processing,
transportation, distribution, and storage (adapted from
diagram, Argonne National Laboratory 2007).
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|0-Ton Gas Engine-Driven Heat Pump

Assumptions

I. Energy use and greenhouse gas emissions per year
are based on delivering 100 million British thermal
units (Btu) of heat and 100 million Btu of heat
removed (cooling). This delivery of heat and heat
removed is equivalent to a | 0-ton unit operating at
capacity for 10 percent of the year.

2. A propane engine heat pump operates at the
minimum coefficient of performance (COP)
parameters for heating and cooling as shown in
PERC Docket 12314 (PERC 2007).

3. A natural gas engine heat pump operates at
equivalent COP parameters as specified for the
propane heat pump in PERC Docket 12314 (PERC
2007).

4. Heat pumps, air conditioners, and furnaces operate
at minimum federal standards, unless otherwise
noted.

5. Federal standards are specified by the U.S.
Department of Energy (DOE). Standards relevant
for comparison in this study are provided for central
air source electric heat pump 65-135 kBtu/hr;
central water-cooled, evaporatively cooled, and
water source electric heat pump 65-135 kBtu/
hr; and central air source electric air conditioner
65-135 kBtu/hr (DOE 2001, DOE 2009a).
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6. DOE appliance standards refer to “commercial
package air conditioning and heating equipment,”
which includes air-cooled, water-cooled,
evaporatively cooled, or water source (not including
ground water source) electrically operated, unitary
central air conditioners, and central air conditioning
heat pumps for commercial application (U.S. House
of Representatives 2005).

7. Furnace energy standards analyzed in the study
are applicable for units less than 225,000 Btu/
hr, as stated in DOE regulations, which can apply
to residential or light commercial use. The DOE
commercial furnaces and boiler standards are
applicable for units larger than 225,000 Btu/hr,
which is larger than the 10-ton (120,000 Btu/hr)
system in this study. Federal efficiency standards for
furnaces less that 225,000 Btu/hr are 78 percent
for propane, natural gas, and fuel oil; the electric
furnace standard is 95 percent. For comparison,
federal efficiency standards for commercial furnaces
larger than 225,000 Btu/hr are about 80 percent for
gas and 81 percent for fuel oil (DOE 2009b).

8. A central furnace's efficiency is measured by the
annual fuel utilization efficiency (AFUE), which is
the ratio of heat output of the furnace compared to
the total energy consumed by the furnace. AFUE
does not include the heat losses of the duct system
or piping. The average duct energy efficiency
for heating is assumed to be 74 percent, and the
efficiency for cooling is 70 percent (Modera 1993).

9. Upstream emission factors were based on the
output of the GREET model (GREET 1.8c). See text
for a discussion of the assumptions used with this
model.

10. Global warming potentials (GWP) are used to
combine the three greenhouse gases into metric
tons of carbon dioxide equivalent. GWPs for this
study are based on 100-year time horizon:

CO, = |, methane = 25, nitrous oxide = 298
(IPCC 2007).

I'l. End-use emissions factors are based on figures
provided by U.S. Department of Energy, Energy
Information Administration, Appendix H of the
instructions to Form EIA-1605 (EIA 2007).
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Desiccant Dehumidifiers

Assumptions

I. Energy use for desiccant dehumidifiers is based
on manufacturer-published specifications at full
load nameplate capacity at Association of Home
Appliance Manufacturers (AHAM) standard
conditions (80°F, 60% relative humidity).
NovelAire Comfort Dry 250 specs are the basis
for the desiccant dehumidifier with hot water
regeneration. NovelAire Technologies Comfort
Dry 400 specifications are used as the basis for
desiccant dehumidifiers with propane regeneration
and desiccant dehumidifiers with natural gas
regeneration. NovelAire Nauticus 250 specs are the
basis for the desiccant dehumidifier with electric
regeneration (NovelAire Comfort Products 2009a,
2009b; NovelAire Technologies 2009).

2. Energy use for refrigerant dehumidifiers is based
on minimum Energy Star or federal standards as
noted. The current energy standard for refrigerant
dehumidifiers is 2.25 liters per kilowatt-hour (kWh)
for units with capacity greater than 75 pints per
day, as specified in the Energy Policy Act of 2005.
These standards became effective October |, 2007.
Note that the Energy Independence and Security
Act of 2007 modifies the federal minimum standard
effective October |, 2012, increasing the minimum
energy efficiency to 2.5 liters per kWh for units with
a capacity greater than 75 pints per day. The Energy
Star minimum standard for units with a capacity of
75-185 pints per day is 2.5 liters per kWh (DOE
2009; EPA/DOE 2009).

3. Dehumidifier capacity for all desiccant dehumidifier
types evaluated in the study falls in the range of
75-185 pints of water removed per 24 hours of
operation at AHAM standard conditions.

4. For desiccant dehumidifiers with propane or natural
gas regeneration operating at maximum load,
the gas burner is assumed to be operating at full
capacity (10,000 Btu/hr).

5. The power factor for electrical input for the process
blower, regeneration blower, desiccant wheel drive
motor, and controls in the desiccant dehumidifier
is assumed to be 0.60. The power factor for the
refrigerant dehumidifier system is assumed to be
0.85, based on the compressor as the primary
power user.

6. Energy factors for water heaters delivering
hot water for regeneration for the desiccant
dehumidifiers are based on the highest reported
energy factor in the Gas Appliance Manufacturer’s
Association (GAMA) Directory of Certified
Efficiency Ratings for storage tank water heaters.
Energy factors for different energy sources are
as follows: propane = 0.67, natural gas = 0.67,
electric = 0.95 (GAMA 2006).

7. Upstream emission factors were based on the
output of the GREET model (GREET 1.8c). See text
for a discussion of the assumptions used with this
model.

8. GWPs are used to combine the three greenhouse
gases into metric tons of carbon dioxide equivalent.
GWPs for this study are based on 100-year time
horizon: CO, = |, methane = 25, nitrous oxide =
298 (IPCC 2007).

9. End-use emissions factors are based on figures
provided by the U.S. Department of Energy, Energy
Information Administration, Appendix H of the
instructions to Form EIA-1605 (EIA 2007).
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Residential Space Heating

Assumptions

I. Different fuel systems were evaluated based on
the emissions resulting from the delivery of an
equivalent energy service — the amount of useful
heat supplied to the home.

2. Estimated useful heat delivered by a propane
furnace was 38 million Btu and was based on an
average energy consumption of 52.6 million Btu per
year of propane in a region with 4000-5499 heating
degree days (EIA 2001) after estimated average
efficiency losses (15 percent) and duct losses
(15 percent) were applied.

3. The highest reported energy efficiency for each
type of space heater was used in the analysis. The
energy efficiency of a space heater is designated by
its annual fuel utilization efficiency (AFUE), which
is the ratio of heat output of the furnace or boiler
compared to the total energy consumed by a
furnace or boiler (DOE 2005b).

4. The energy efficiency for gas and fuel oil furnaces
were based on the highest reported AFUE in the
GAMA Directory of Certified Efficiency Ratings
(GAMA 2006). AFUE values for furnaces were the
following: propane and natural gas = 95.7, fuel
oil = 85.0. An AFUE of 100 was assumed for the
electric furnace based on the upper end of the
range given in DOE 2005b.

5. Electric heat pump energy efficiency is determined
by its heating season performance factor (HSPF),
which is the ratio of heat delivered in Btu to the
electricity consumed in watt-hours. A HSPF of 10.0
was used for the heat pump, since it was the highest
value in the range reported in DOE 2005b.
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6. Duct heat losses of |5 percent were assumed for
the furnace and heat pump systems, and were
applied after conversion efficiency losses. The
heat transfer efficiency of the electric resistance
baseboard heating system was assumed to be
100 percent based on DOE 2005a.

7. It was assumed that gas and oil furnaces met
GAMA's guideline for electrical efficiency (GAMA
2006), meaning their electricity usage during a
typical heating season is 2 percent or less of the
total energy used by the furnace. Therefore,
emissions resulting from electricity consumption by
these furnaces were not calculated.

8. Upstream emission factors were based on the
output of the GREET model version |.8c (GREET
|.8c). See text for a discussion of the assumptions
used with this model.

9. GWPs are used to combine the three greenhouse
gases into metric tons of carbon dioxide equivalent.
GWPs for this study are based on 100-year time
horizon: CO, = |, methane = 25, nitrous oxide =
298 (IPCC 2007).

10. End-use emissions factors are based on figures
provided by the U.S. Department of Energy, Energy
Information Administration, Appendix H of the
instructions to Form EIA-1605 (EIA 2007).

I'l. In colder climates, dual fuel systems (e.g., standard
air-source heat pump with high-efficiency propane
furnace backup) use approximately 63 percent
of the propane used by a high-efficiency propane
furnace system alone. The remaining service load is
provided by electricity.
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Residential Water Heaters

Assumptions

I. The highest reported energy efficiency for each type
of water heater was used in the analysis. The energy
efficiency of a water heater is designated by its energy
factor, which is the ratio of the heat delivered (as
hot water) to the energy consumed (i.e., electricity,
natural gas, propane, or oil) according to a specific
test procedure (DOE 2000).
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2. Energy factors for all water heaters except solar
water heaters were based on the highest reported
energy factor in the GAMA Directory of Certified
Efficiency Ratings for each type of unit (GAMA
2006). The GAMA source did not include solar
hot water heater efficiency ratings. The energy
factor of solar hot water heaters was based on
the highest value in the range provided by DOE’s
Office of Energy Efficiency and Renewable Energy
(DOE 2005c). This energy factor assumes that
some amount of electricity is used to circulate fluid.
Energy factors for storage tank water heaters were
the following: solar = 11.0, propane = 0.67, natural
gas = 0.67, heat pump = 2.28, fuel oil = 0.68,
electric = 0.95. Energy factors for tankless water
heaters were the following: propane = 0.85, natural
gas = 0.85, electric = 0.99.

3. Although heat pump water heaters may be used
for tankless water heating, there were no tankless
heat pump models listed in the GAMA directory;
therefore, they were not evaluated in the analysis.

4. Solar water heaters are typically integrated with
another hot water heating system running on gas,
oil, or electricity. Solar water heaters typically serve
50-75 percent of the hot water load (DOE 2005c¢).
Typical values for propane were selected as the
backup system, with the solar water heater system
serving 60 percent of the load.

5. Fuel consumption of the propane storage tank
heater was based on the average fuel consumption
of a residential hot water heating system of 15.8
MMBtu (EIA 2001).

6. Upstream emission factors were based on the
output of the GREET model (GREET 1.8c). See text
for a discussion of the assumptions used with this
model.

7. GWPs are used to combine the three greenhouse
gases into metric tons of carbon dioxide equivalent.
GWPs for this study are based on 100-year time
horizon: CO, = |, methane = 25, nitrous oxide =
298 (IPCC 2007).

8. End-use emissions factors are based on figures
provided by the U.S. Department of Energy, Energy
Information Administration, Appendix H of the
instructions to Form EIA-1605 (EIA 2007).
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GM 6.0L Engine

Assumptions

I.  Fuel economy data is only available for the Chevy
Express Passenger Van, 3500 gasoline model, which
has a gross vehicle weight (GVW) of 9,600 Ibs. The
GVW of the Chevy Express Cutaway 3500 series
models can range from 9,900 to 14,200 Ibs., while
the 4500 series GVW is 14,200 Ibs. (available with
6.0L gasoline engine or 6.6L diesel engine options).
No fuel economy data is available for the gasoline
cutaway. Therefore, we assume the Cutaway
achieves 95 percent of the fuel economy of the
Passenger Van using the same engine due to the
higher GVW of the Cutaway.

2. This analysis uses the low range of published fuel
economy data from General Motors for gasoline
models. Published fuel economy ranges include data
using all available engine options. In the gasoline
model, the 6.0L engine is the largest, justifying the
use of the low end of published ranges.

3. Upstream emission factors were based on the
output of the GREET model (GREET 1.8c). See text
for a discussion of the assumptions used with this
model.

4. GWPs are used to combine the three greenhouse
gases into metric tons of carbon dioxide equivalent.
GWPs for this study are based on 100-year time
horizon: CO, = |, methane = 25, nitrous oxide =
298 (IPCC 2007).

5. End-use emissions factors are based on figures
provided by the U.S. Department of Energy, Energy
Information Administration, Appendix H of the
instructions to Form EIA-1605 (EIA 2007).
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Ford F-150

Assumptions

I. Different fuel systems were evaluated based on
the emissions resulting from the delivery of an
equivalent energy service (miles traveled).
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2. Atypical pickup truck was estimated to travel
10,000 miles per year.

3. The following fuel economy values (in gasoline-
equivalent gallons) were used in the GREET model
version |.8c (GREET |[.8c), and in the comparative
analysis: propane, gasoline, and E85 = [4.7.

4. Upstream emission factors were based on the
output of the GREET model (GREET 1.8c). See text
for a discussion of the assumptions used with this
model.

5. GWPs are used to combine the three greenhouse
gases into metric tons of carbon dioxide equivalent.
GWPs for this study are based on 100-year time
horizon: CO, = |, methane = 25, nitrous oxide
= 298 (IPCC 2007).

6. End-use emission factors were based on those
used in the GREET model for 6,000-8,500 Ibs.
GVW vehicles, given in grams per mile in the
“greet|.8¢c_0.xls” input file provided with the model
(GREET 1.8c).

References

ANTARES Group, Inc. 2004. Economic Analysis of
Alternative Fuel School Buses. Prepared for the U.S.
Department of Energy, Clean Cities Program.

California Air Resources Board (CARB), Scientific
Review Panel. 1998. SRP findings on the report:
Proposed Identification of Diesel Exhaust as a Toxic Air
Contaminant as adopted at the Panel's April 22, 1998
meeting. http://www.arb.ca.gov/toxics/dieseltac/
combined.pdf.

Energy Information Administration (EIA). 2007.
Voluntary Reporting of Greenhouse Gases Program.
Fuel Emission Factors. http://www.eia.doe.gov/oiaf/ | 605/
emission_factors.html (accessed July 2009).

Ford Motor Company. 2009. 2009 Ford F-150: North
American Truck of the Year. http://media.ford.com/

article_display.cfm?article_id=29685 (accessed July
2009).

The Greenhouse Gases, Regulated Emissions, and
Energy Use in Transportation (GREET) Model, Version
[.8c. 2009. Argonne National Laboratory, Center for
Transportation Research. UChicago Argonne, LLC.

Intergovernmental Panel on Climate Change (IPCC).
2007. Changes in Atmospheric Constituents and in
Radiative Forcing. Climate Change 2007: The Physical
Science Basis. Contribution of Working Group | to the
Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. http://www.ipcc.ch/
publications_and_data/publications_ipcc_fourth_
assessment_report_wgl report_the_ physical science
basis.htm.

U.S. Environmental Protection Agency (EPA), Office
of Transportation and Air Quality. 2003. What You
Should Know About Diesel Exhaust and School Bus Idling,
EPA420-F-03-021 (June). http://epa.gov/otag/retrofit/
documents/f03021.pdf.

Ford F-250

Assumptions

I. Based on reported fuel economies, each vehicle was
assumed to travel 100 miles. The total greenhouse gas
emissions were calculated based on the total amount
of fuel that would be consumed to travel 100 miles.
Results were normalized to the total GHG emissions
of the propane-fueled Roush 2010 F-250.

2. The U.S. Environmental Protection Agency (EPA)
does not measure the fuel economy of medium-duty
trucks such as the F-250. All reported F-250 fuel
economy data is taken from secondary sources such
as magazine reviews and truck comparisons.

3. The Roush 2010 F-250 propane truck is still in the
developmental stages. It is currently estimated to have
a 600-mile range on 55 usable gallons.

4. Propane conversion kits reportedly degrade the
fuel economy of a vehicle from 0-13 percent. A
6.5 percent decrease in fuel economy for propane
compared to regular gasoline is estimated for the
purposes of this analysis (Technocarb 2007).

5. Upstream emission factors were based on the output
of the GREET model (GREET 1.8c). See text for a
discussion of the assumptions used with this model.

6. GWPs are used to combine the three greenhouse
gases into metric tons of carbon dioxide equivalent.
GWPs for this study are based on 100-year time
horizon: CO, = |, methane = 25, nitrous oxide =
298 (IPCC 2007).

7. End-use emissions factors are based on figures
provided by the U.S. Department of Energy, Energy
Information Administration, Appendix H of the
instructions to Form EIA-1605 (EIA 2007).
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School Buses

Assumptions

|. Different fuel systems were evaluated based on
the emissions resulting from the delivery of an
equivalent energy service (miles traveled).

2. The assumption of 9,000 miles traveled per year
was based on the same assumption by ANTARES
Group (ANTARES Group 2004).

3. The following fuel economy values (in diesel-
equivalent gallons) were used in the comparative
analysis: propane school bus = 5.2;

CNG school bus = 5.0; diesel school bus = 6.6;
gasoline school bus = 5.2. Fuel efficiency for

CNG and diesel vehicles were those reported

by ANTARES. This source assumed that propane
buses had the same fuel economy as CNG vehicles.
But because the fuel tanks of CNG vehicles are
heavier than those of propane vehicles and create
a fuel economy penalty, the relative fuel efficiencies
used by the GREET model (GREET |.8c) were
used to get a more accurate estimate of propane
fuel economy. Relative fuel efficiencies from the
GREET model for 6,000-8,500 Ibs. GVW vehicles,
model year 2010, were used to estimate the fuel
economy of propane as well as gasoline school
buses. The fuel economy of the propane vehicle

in the GREET model is 5.3 percent higher than
that of a CNG vehicle (on an equivalent gallon
basis). This difference was applied to the reported
fuel economy for CNG school buses in order to
calculate fuel economy for a propane bus. Because
the GREET model assumes that propane and
gasoline vehicles have the same fuel efficiency on an
equivalent gallon basis, gasoline bus fuel efficiency
was assumed to be equal to the propane bus value.

4. Upstream emission factors were based on the
output of the GREET model (GREET 1.8c). See text
for a discussion of the assumptions used with this
model.

5. GWPs are used to combine the three greenhouse
gases into metric tons of carbon dioxide equivalent.
GWPs for this study are based on 100-year time
horizon: CO, = |, methane = 25, nitrous oxide =
298 (IPCC 2007).

6. End-use emission factors were based on those used
in the GREET model for 6,000-8,500 Ibs (GREET
1.8¢).
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Distributed Generation

Assumptions

I. Energy use is based on vendor specs for power-only
(no CHP) 60Hz generator sets (gensets) operating
at 100 percent nameplate load.

2. End-use energy consumption data is based
on reported fuel use in vendor specifications
of representative generators. Representative
generators for 30 kW microturbines: Capstone C30
Liquid Fuel, Capstone C30 Natural Gas; |00kW
genset: John Deere | 150U, Cummins 100GGHH;
200kW genset: Armstrong AJD200, Caterpillar
G3508 (Armstrong AJD200; Capstone C30 Liquid
Fuel 2006; Capstone C30 Natural Gas 2006;
Caterpillar G3508 2001; Cummins 100GGHH; John
Deere | 150U).

3. Capstone C30 microturbine is operated at ambient
temperatures above 35°F (a propane pump and
vaporizer is unnecessary.) (Gas Plants, Inc. 2006)

4. Energy content of fuels is based on EIA 2007a and
EIA 2007b.

5. Itis assumed that a representative standby
generator operates 20 hours per year. (15 min. per
week for exercising = |3 hours, plus 7 hours of

operation average in a poor power area) (E-mail
correspondence with PERC May 15, 2007).

6. Prime power units can operate from 4 to 10 hours
per day. Operation of 7 hours per day is assumed
for an average unit (E-mail correspondence with
PERC May 15, 2007).

7. Upstream emission factors were based on the
output of the GREET model (GREET [.8c). See text
for a discussion of the assumptions used with this
model.

8. GW®Ps are used to combine the three greenhouse
gases into metric tons of carbon dioxide equivalent.
GWPs for this study are based on 100-year time
horizon: CO, = |, methane = 25, nitrous oxide =
298 (IPCC 2007).

9. End-use emissions factors are based on figures
provided by the U.S. Department of Energy, Energy
Information Administration, Appendix H of the
instructions to Form EIA-1605 (EIA 2007c).
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Forklifts

Assumptions

I.  Average fuel use of 973 gallons of propane per
year is based on market data provided in Delucchi
2000, which cites 400,000 forklifts using 389 million
gallons of propane annually.

2. The analysis used the assumption by Delucchi that
two-thirds of forklift energy use goes to vehicle
propulsion and one-third goes to lifting. This
fraction was not based on actual usage data but
was considered by the author to be a reasonable
assumption.

3. For forklifts powered by fuels other than propane,
the relative efficiencies of lifting and propulsion
compared to a propane-fueled system were used to
estimate the fuel consumption of those vehicles.

4. Relative fuel efficiencies used are based on those
in the GREET model for 6,000-8,500 Ibs. GVW
vehicles, model year 2010, were used to calculate
fuel use for equivalent miles traveled. The ratio of
the fuel economy of each vehicle type (in miles per
gasoline-equivalent gallon) relative to a gasoline-
fueled vehicle are as follows: electric = 3.5;
propane and gasoline = 1.0, CNG = 0.95; diesel
= 1.31.

5. Thermal engine efficiencies were used to calculate
fuel use for equivalent lifting work in Btu. Forklift
engine thermal efficiencies used were those used
by Delucchi: propane and CNG = 28.0%; gasoline
= 26.7%; diesel = 28.5%. Electric motor thermal
efficiency was assumed to be 95%.

6. Upstream emission factors were based on the
output of the GREET model version |.8c (GREET
|.8c). See text for a discussion of the assumptions
used with this model.

7. GWPs are used to combine the three greenhouse
gases into metric tons of carbon dioxide equivalent.
GWPs for this study are based on 100-year time
horizon: CO, = |, methane = 25, nitrous oxide =
298 (IPCC 2007).

8. End-use emissions factors are based on figures
provided by the U.S. Department of Energy, Energy
Information Administration, Appendix H of the
instructions to Form EIA-1605. (EIA 2007).
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Ground Service Equipment

Assumptions

|. Data for ground service equipment was taken from
a study that examined the feasibility of substituting
propane for gasoline to reduce fuel costs and
emissions from ground support equipment at the
Calgary International Airport. Twelve pieces of
ground service equipment were converted from
gasoline to propane engines, and the study was
conducted from August 2005 through January 2006
(Air Canada Ground Handling Services 2009).

2. The chemical composition of the propane used in
Calgary was assumed to be similar to propane in
the United States, with an energy content of 96,125
Btu/gal.

3. In cases in which multiple vehicles of the same type
were studied, the data was averaged. For example,
the data from five baggage tractors was averaged
for both propane and gasoline.

4. Upstream emission factors were based on the
output of the GREET model (GREET 1.8c). See text
for a discussion of the assumptions used with this
model.

5. GWPs are used to combine the three greenhouse
gases into metric tons of carbon dioxide equivalent.
GWPs for this study are based on 100-year time
horizon: CO, = |, methane = 25, nitrous oxide =
298 (IPCC 2007).

6. End-use emissions factors are based on figures
provided by the U.S. Department of Energy, Energy

Information Administration, Appendix H of the
instructions to Form EIA-1605 (EIA 2007).
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Commercial Mowers

Assumptions

I.  Commercial lawn mower results are based on the
calculated greenhouse gas emissions per hour under
medium to heavy load for propane, gasoline, and
diesel mowers.

2. Propane and gasoline mower data is based on
a study conducted by the Department of Plant
Sciences at University of Tennessee (University of
Tennessee 2009).

— The engines in this study are a 23 horsepower
(hp) gasoline-fueled, air-cooled Kawasaki and
a similar 23 hp air-cooled Kawasaki that was
modified to run on propane.

— Throughout the study the fuel economy of the
propane mower continually improved based
on upgrades and modifications to optimize
the engine. Three different results in regards
to the propane mower are presented in this
study: best case, worst case, and average
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fuel economy. The GHG emissions result for
propane mowers is based on the best case
energy consumption results presented in the
University of Tennessee study because they
were obtained after engine optimization. When
properly optimized, propane engines can
provide comparable fuel economy to a gasoline
engine based on the higher octane rating of
propane, even as propane has a lower energy
content per volume compared to gasoline.

3. Itis assumed that the fuel consumption of a lawn
mower is generally based on the engine size
(horsepower) and the load on the mower. Data
has shown a linear increase in fuel consumption
as engine size increases and fuel type is kept
consistent.

4. The diesel engine, while not included in the
University of Tennessee study, is presented due to
its similar engine size (23 hp) to the propane and
gasoline engines. However, this fuel economy is
reported from vendor specifications rather than a
scientific study as in the case of the propane and
gasoline data.

5. Upstream emission factors were based on the
output of the GREET model (GREET 1.8c). See text
for a discussion of the assumptions used with this
model.

6. GWPs are used to combine the three greenhouse
gases into metric tons of carbon dioxide equivalent.
GWPs for this study are based on 100-year time
horizon: CO, = |, methane = 25, nitrous oxide =
298 (IPCC 2007).

7. End-use emissions factors are based on figures
provided by the U.S. Department of Energy, Energy
Information Administration, Appendix H of the
instructions to Form EIA-1605 (EIA 2007).
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Irrigation Engines

Assumptions

I.  Fuel and electricity use are based on performance
standards determined for internal combustion
engines using standard accessories, including a
water pump, fan, and radiator (Smajstrla and
Zazueta 2003).

2. Methane and nitrous oxide emission factors are
based on Delucchi 2000 unless otherwise noted
below.

3. Itis assumed that methane emissions are
2 percent higher from E85 combustion than
gasoline combustion based on a hydrocarbon
emissions analysis from small engines (Varde
2002).

4. Carbon content (kg CO_/million Btu) of all fuels

evaluated assumes 99 percent combustion (DOE
1994, table B.1I).
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5. Energy content of fuels based on EIA 2007a;
Bioenergy Feedstock Information Network 2007;
and Evans, Sneed, and Hunt 1996.

6. There is no meaningful difference in engine
efficiency between E85 and gasoline. Fuel usage of
E85 is higher due to ethanol’s lower energy content
(EPA/DOE 2007).

7. Upstream ethanol emissions are based on the
GREET model for converting corn to ethanol. The
emissions and energy use involved in the production
of corn are calculated on the basis of the amount
of fuel and chemicals (fertilizer, herbicides, and
insecticides) used per bushel. Energy efficiency of
97.7 percent is assumed for ethanol transportation,
storage, and distribution.

8. Itis assumed that a representative irrigation pump
operates 749 hours per year (Autumn Wind
Associates 2004, page 20).

9. Upstream emission factors were based on the
output of the GREET model (GREET 1.8c). See text
for a discussion of the assumptions used with this
model.

0. GWPs are used to combine the three greenhouse
gases into metric tons of carbon dioxide equivalent.
GWPs for this study are based on 100-year time
horizon: CO, = |, methane = 25, nitrous oxide =
298 (IPCC 2007).

I'. End-use emissions factors are based on figures
provided by the U.S. Department of Energy, Energy
Information Administration, Appendix H of the
instructions to Form EIA-1605 (EIA 2007b).
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