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Executive Summary

This study quantifies the greenhouse gas profileropane and other fuels in selected applications.
Cutting across propane market segments includisigential, power generation, engine fuel, agrigeltu
and other applications, this analysis uses eneyggumption rates, emissions factors, and equipment
efficiencies for various energy options to estingrteenhouse gas emissions associated with thef use o
those energy options. The applications analyzeddiec

Distributed Generation
Irrigation Pumps

Forklifts

Medium-Duty Engines
Light-Duty Trucks
Residential Water Heaters
Residential Space Heating

The results of the analysis show that propane ngnthe most attractive options for avoiding
greenhouse gas emissions in every application deresi. At the point of use, propane has a lowdyarar
content than gasoline, diesel, heavy fuel oil,tharol. Natural gas (methane) generates fewer narbo
dioxide (CQ) emissions per Btu than propane, but naturalgabkémically stable when released into the
air and produces a global warming effect 25 tineg of carbon dioxide. This means that one pound of
methane produces the same effect on climate ches86 pounds of carbon dioxide.

With propane’s short lifetime in the atmosphere kxvd carbon content, it is advantageous from aaten
change perspective in comparison to other fuetsany applications. The graphs on the following page
(p- v) demonstrate propane’s climate change pedoom across the applications analyzed in this study
(Propane emissions = 1, and all other fuels armalized against it for comparison).
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|.  Purpose of Report

With the causes of climate change becoming momeat;j there is an increased focus on technologies
and energy sources that can reduce emissions @filgpase gases. While scientists continue to déhate
magnitude of potential impacts from climate charm@icymakers in the United States and abroad are
considering options for addressing the issue. ABrarronmental Protection Agency (EPA)-approved
clean alternative fuel, propane offers lower greersle gas emissions than many other fuel options
without compromising performance in a wide rangemplications.

This study quantifies the greenhouse gas profileropane and other fuels in selected applications.
Cutting across propane market segments includisigential, power generation, engine fuel, agrigeltu
and other applications, this analysis uses enasggumption rates, emissions factors, and equipment
efficiencies for various energy options to estingrieenhouse gas emissions associated with thefuse o
those energy options. The applications analyzelddec

Distributed Generation Light-Duty Trucks
Irrigation Pumps Residential Water Heaters
Forklifts Residential Space Heating

Medium-Duty Engines

The substantive and carefully documented infornmaiticthis report is intended to inform policymakers
the propane industry, and other interested pasdbey make important decisions regarding climate
change.

lI. About Climate Change

Greenhouse gases keep the earth at a comfortatpetature, allowing most of the energy from the sun
to pass through the atmosphere and warm the eaith Blocking much of the outward radiation from
the earth. However, increasing concentrations eéginouse gases in the atmosphere are cause for
concern. Rather than maintaining equilibrium, higincentrations of greenhouse gases are now affectir
the global climate system, leading to “climate ah

Greenhouse Gases Compared to Criteria Air Pollutant s

Greenhouse gases are different than the critarjgodutants that have been regulated by the ERgesi
1970. Criteria pollutants, which include ozonerogen dioxide, sulfur dioxide, carbon monoxidediea
and particulate matter, are released in the atnasefhom fuel leaks, secondary reactions, or umel@si
side-products during combustion. While these paiita cause health problems and contribute to smog
and acid rain, they do not directly contribute limate change. The amount of criteria air emissions
depends on several variables including fuel charestics, combustion conditions, and use of paluti
control equipment, and it is sensitive to mainteeaand operational practices (Climate Leaders 2004)

In contrast, greenhouse gases are not federallyjategl and cause changes to the environment on a
global scale. Unlike criteria pollutants, the mpmgvalent GHG — carbon dioxide — is a necessary
byproduct of fossil fuel combustion. The amountafbon dioxide released depends not on leaks er sid
reactions, but on the amount of carbon in the &nel the amount of fuel consumed. While chemically
reactive criteria air pollutants stay in the air dlays or months, greenhouse gases are non-reactve
remain in the atmosphere for decades to centuRebif and Rao 2002).
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Table 2.1. Carbon dioxide and criteria air pollutan  ts have several important

differences
Carbon dioxide Criteria pollutants

Source of necessary byproduct of fuel leak or undesired side
emissions combustion product of combustion
Regulation currer_1t|y unregulated at federal federally regulated by Clean Air

level in the U.S. Act

. depends mainly on carbon

Quantity

content of fuel and amount of fuel depends on many factors
released

consumed
Scale of lobal local or regional
impact 9 9
Lifetime in decades to centuries days to months
atmosphere Y

Greenhouse Gas Emissions from Fuel Combustion

In general, lighter hydrocarbons release less cadimxide during combustion than heaver hydrocasbon
because lighter hydrocarbons consist of fewer cagdtoms per molecule. The mass of carbon dioxide
released per Btu of fuel — the “carbon content§ a good first-order indicator of the €@missions
comparison between fuels. The carbon content fgrte@iommon fuels is shown in Table 2.2.

While it is a good indicator, carbon content Table 2.2. Carbon dioxide released per Btu
represents only part of the g@missions equation. Fuel Type kg CO , per
The amount of fuel consumed plays an equally million Btu
important role. Fuel consumption varies by fuel | Natural Gas 52.8
type and technology for each application. For LPG 62.7
example, since diesel (compression) engines are Ethanol (E85) 66.6
generally more efficient than spark-ignition Motor Gasoline 70.5
engines, some of the G@missions disadvantage| - K&rosene : 0.7
of diesel compared to other fuels is offset. D'St'.”ate Fuel (Diesel) . 2.5
(Further details for estimating G@missions are R_eadyal Fuel (Heavy fuel oil) /8.6

. . . Bituminous Coal 92.1
prowded in the MethOdOIOQy SeCtIOI’l.) Estimates based on chemical composition of theviital 99 percent

. . combustion.
Small amounts of methane and nitrous oxide are gy ce: DoE 1994.

also emitted during combustion, though they play
a minor role in affecting climate change as comgidoecarbon dioxide. In the U.S., methane and a#ro
oxide together represent less than 1% of the @@atequivalent emissions from stationary combustion
sources (Climate Leaders 2004).

The Greenhouse Gas (GHG) footprint of LPG is reddyi small compared to other fuels in terms ofltota
emissions and emissions per unit of energy consubi®@ has the lowest on-site emission rate of the
major energy sources, with the exception of natgasl (see Figure 1). In terms of life-cycle grearseo
gas emissions, LPG produces significantly lowerssions than gasoline, diesel, and electricity pera
Btu basis. Actual life-cycle emission levels dependhe nature and efficiency of the end-use aapdia,
however, and therefore must be estimated on arcagiph-specific basis.
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Figure 1:

Sources: DOE 1994, EPA 2007
On-site emissions estimates based on chemical catioposf the fuel with 99 percent combustion.

Figure 2:

Sources: DOE 1994, EPA 2007, GREET 2007

On-site emissions estimates based on chemical catioposf the fuel with 99 percent combustion.

Actual life-cycle emissions vary by application;nmrany cases, electricity provides more useful gnerga pe-Btu basis.
LPG represents a small but important part of th#. @dnergy consumption. Figure 3 shows the
contribution of the major fuels (U.S. EPA 2007) &G represents 1.53% of energy consumed in the

U.S. in 2005.
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Because of LPG’s relatively low GHG emission rétte, Figure 3: Shares of U.S Energy
share of GHG emissions is smaller than its shaemefgy Consumption (2005)
supply. Figure 4 shows the relative contributionaial U.S. (Total: 78,742 trillion Btu)
GHG emissions by fossil fuel combustion and froimeot

sources. C@emissions from fossil fuel combustion

represent 79% of total emissions, while LPG comnibast

represents only 1.05% of total U.S. emissions.

The balance of emissions (21%) is from industriatpsses
that emit CQdirectly (i.e., cement kilns), methane (i.e.,
landfills and natural gas leaks), nitrous oxide. (i.
agricultural fertilizer), and fluorine-containinglogenated
substances (i.e., hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs), and sulfur hexafluoride&)S
from refrigerants and industrial processes).

Figure 5 illustrates the relative contribution ¢tetl energy-

related CQ emissions for the U.S. in 2005. Although LPG

contributes 1.53% of the U.S. energy supply, itrsiof Source: EPA 2007
energy-related CQemissions is 1.32%. Coal, the highest-

emitting major fuel, represents 28.2% of the Urkergy

supply and 36.4% of energy-related £O

Figure 4: Shares of Greenhouse Gas Figure 5: Shares of Energy-Related
Emissions (2005) Greenhouse Gas Emissions (2005)
(Total: 7,260 million MT CO ;) (Total: 5,751 million MT CO )
Source: EPA 2007 Source: EPA 2007

Propane!s Effect on Climate Change

Propane is not a direct greenhouse gas when rdl@asethe air. Propane vapor is unstable in the
atmosphere—it is chemically reactive and commoaeiyigved by natural oxidation in the presence of
sunlight or knocked down by precipitation. It is@kemoved from the atmosphere faster than it ttkes
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it to become well-mixed and have impacts on glafialate. Current measurements have not found a
global climate impact from propane emissiors.

When used as a fuel, propane does emit carbondgi@id small amounts of nitrous oxide and methane,

Upstream extraction and production of fuels sucphrapane from natural gas or crude oil generates
greenhouse gas emissions, and end-use combustmy dfydrocarbon releases carbon dioxide as
discussed above. However, compared to conventioabsupplies, propane generates fewer GHG
emissions in almost every application. At the poihtise, propane has a lower carbon content than
gasoline, diesel, heavy fuel oil, or ethanol (T&h®). Natural gas (methane) generates fewer CO
emissions per Btu than propane, but natural gelseémically stable when released into the air and
produces a global warming effect 25 times thatasbon dioxide. This means that one pound of methan
produces the same effect on climate change as@tdpmf carbon dioxide.

With propane’s short lifetime in the atmosphere wadcarbon content, it is advantageous compared to
other petroleum fuels in many applications.

Upstream vs. End-Use Emissions

When quantifying the greenhouse gas emissiongakatt from the use of energy, it is important to
distinguish between the emissions released abtdaion where the energy is consumed and the
emissions released as a result of extracting anekepsing a refined and usable energy product to tha
location. The fuel lifecycle begins where the ragdstock is extracted from the well or mine andsend
where the fuel is consumed to power a vehicle,iappé, or other technology.

Emissions released at the point of use are termed-tise emissions,” while those emissions thatroccu
along the delivery pathway are termed “upstreanssions.” Upstream emissions include all emissions
resulting from the recovery, processing, and trartspf fuel to the point of delivery to the end-use

Energy use is not the only source of upstream éomssOther production processes also release
greenhouse gases. For example, the growing of ¢oofsofuels production requires the applicatidn o
nitrogen fertilizer, which causes the formatiomdfous oxide, while natural gas refining causes th
release of fugitive emissions of methane. Thesega®es have been quantified by the Greenhouse,Gas
Regulated Emissions, and Energy Use in Transpont@@REET) Model (GREET 2007), making it a
valuable tool for comparative lifecycle analysesusl systems.

The inclusion of upstream emissions in an anallytiomparison of different fuel options can have a
significant impact on the results. Limiting the quemison to end-use emissions only, for example, can
give the impression that electricity, with zero ars emissions, is an energy source with no greesgho
gas emissions. Limiting the analysis to end-usessimis would therefore mask the very large fraotibn
upstream emissions caused by the combustion df faes for the purpose of electricity generation.

This analysis is intended to give a full lifecyelecounting of greenhouse gas emissions resultomy fr
the use of propane and other fuels for specifidiegions. By reporting upstream and end-use ennissi
separately, it is intended that this report wilbyide a better picture of the impacts of differrmls, and
a more useful and informative data set than woelg@rovided by aggregating emissions or restrictiegy
analysis to end-use emissions only.

The Intergovernmental Panel on Climate Change ()JF€fbrts that “Given their short lifetimes and gesphically varying
sources, it is not possible to derive a global apheric burden or mean abundance for most VOC fnament measurements.”
VOCs explicitly include propane (IPCC TAR 2001).

2While VOCs participate in the formation of tropospit 0zone, the climate effect from ozone is nghhj understood by
scientists and is not one of the six greenhoussssgaeing considered for regulation by Congress.
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lll. Methodology

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

Basis for Comparison of Applications

Ten different propane applications were analyzeatder to quantify the lifecycle greenhouse gas
emissions of propane fuel systems compared to ileés. These ten applications were selected to
represent not only a variety of market sectors aad a range of market shares — from well-estaddis
propane markets such as forklifts to emerging pregachnologies such as the propane-powered light-
duty truck.

Each propane technology was compared to alternfatelse commonly used for the same application.
Operational variables such as size, hours of operand frequency of use were chosen to represent
average or typical use of the technology. Data wétained from published test results, vendor-sedpl
specifications, and government studies, and wepplemented with other sources to determine what
constituted a typical use. These sources wereualsg to estimate the energy efficiency of each fuel
system. For most applications, the efficienciesenesed to determine the amount of fuel needed to
deliver an equivalent energy service (e.g., milagdled or heat supplied) for propane and for each
competing fuel option. For some fuels, such astebity, energy efficiency differences from propaere
the result of two different technology designsother instances, however, there are only slight
differences in technology design between the pregammfigured technology and alternate fuel
configurations. Where application-specific data watavailable, the relative efficiencies of thelfu
systems under comparison were based on efficiengjested for similar technologies.

Upstream Analysis

Upstream emissions as defined in this analysish@reum of all emissions resulting from the recgyer
processing, and transport of fuel from wellheathtopoint of delivery to the end-user. These emissi

are conveniently quantified by the GREET Model, ehhivas used to estimate the upstream portion of the
lifecycle GHG emissions of each fuel system evaldan this study. The model is used to calculate
emissions, in grams per million Btu, of multiplellptants, including the three greenhouse gases
evaluated in this study: carbon dioxide (@nethane (Chj, and nitrous oxide (}D). Table 3.1 gives

the upstream emission factors used in this stutticiwwere obtained by running the GREET model.

Table 3.1. Upstream emissions factors (grams per mi  llion Btu)
Total CO,
CO, CH, N,O equivalent
LPG 8,938 115 0.16 11,855
NG* 5,407 239 0.09 11,397
CNG 12,207 248 0.19 18,455
Electricity 219,707 296 3.12 228,036
Gasoline 17,476 109 1.31 20,595
Diesel 16,629 105 0.27 19,346
E85 -6,810 114 36.08 6,789

* Model output for CNG with compression efficiensgt to 100% (removing emissions
from compression).

Source: GREET 2007

Upstream emission factors will vary depending anrtiodel’s input parameters. These parameters
include the type, fractional share, and efficien€power plants used to generate electricity; marke
shares of different fuel formulations; fuel feedstshares and refining efficiencies; and fuel
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transportation mode, distance, and mode sharalForels except uncompressed natural gas, theullefa
parameter values in the model were used to cakujastream emission factots.

The upstream emissions associated with LPG pramludigpend on its feedstock — natural gas or crude
oil. LPG is separated from natural gas during potidn and from crude oil during refining. The model
attributes to LPG, on a Btu-fractional basis, einiss produced from the recovery and refining okthe
feedstocks before the separation of LP&s a result, the upstream emissions attributddP@ depend

on the relative contribution of natural gas andderoil to LPG production. The feedstock shared.RG
used for this analysis are 60% from natural gas4®@8d from crude, which are the default values in
GREET. LPG produced from crude oil has slightlyt@gGHG emissions than LPG produced from
natural gas refining.

Table 3.2 shows the formulas used to calculaté tipstream GHG emissions. Upstream emission factor
(in grams per million Btu) were multiplied by totfalel consumption required by each fuel system (in
million Btu) in order to obtain total upstream egis for CQ, CH,, and NO. The total mass of each
gas was multiplied by its global warming poten{@WPpP). Total upstream emissions of GHGs, in metric
tons of CQ equivalent, was obtained by summing the terms.vBhges used for global warming
potential were those developed by the Intergovematéanel on Climate Change (IPCC 2007).
Following the widely accepted convention establishg the IPCC, results were reported in metric tons
of CO, equivalent.

Table 3.2. Upstream GHG emissions

For each fuel:
metric tons (GHG) = grams (GHG)/MMBtu (fuel) * MMBiwf fuel consumed / £0

Total metric tons of Cg@equivalent = metric tons G&1) + metric tons Clf(25) + metric tons
N,O*(298)

End-use Analysis

End-use emissions are specific to the technology f@r each application, and therefore differentrses
were necessary to estimate various end-use emisgitors. The U.S. Department of Energy and the
Environmental Protection Agency publish end-uséaarcontent emission factors for a number of
different technologies, and were the source of sohtke end-use emission factors used in the
applications analyzed. Other sources of end-useséoni factors include Delucchi 2000 and GREET

3 GREET is designed to quantify the lifecycle enuiasiof vehicles, and because vehicles using najasatun on
compressed natural gas (CNG), the model does logt Hie user to select uncompressed natural gagued
choice. Some applications in this study, howeeuired the comparison of propane to uncompressteoiat gas.
Because the compression of natural gas requirgsidicant amount of energy (and therefore addstopstream
emissions), the GREET model input for natural gaspression efficiency was set to 100% in ordeetaove the
emissions associated with compression. Compreséiimiency as defined by the GREET model is eqoal t
HV/(energy in + HV), where HV is the heating vahliethe fuel. Setting efficiency at 100% therefarakes energy
in equal to zero.

* In other words, all products produced from eittrerde or natural gas are assumed to begin theayiife at the
wellhead, even though they have not been physisalbarated from the feedstock. If a given prodtream
represents 5% of the Btu content of the feedstimclexample, then that product is assigned 5% @&thissions
attributed to the feedstock before refining andasafion. This method of assigning emissions tanftuenced by
the economic value of the product or feedstock.
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2007. For vehicle applications, end-use emissiotofa were based on those used in the GREET model
for 2005 model year vehiclés.

Total end-use emissions were obtained in the saayeaw total upstream emissions, by summing the
GWP-adjusted end-use emissions of,(QCH,, and NO. Unlike upstream emissions factors, however,
the units used for end-use emission factors depeodehe application. While Btu-based emission
factors were applied to some of the applicatidms tbtal mass of GHGs emitted from light- and midyd
trucks was calculated on a grams-per-mile badiserahan a grams-per-mmBtu basis. The formulad use
to calculate end-use emission factors are showapblication in Table 3.3.

Table 3.3. End-use GHG emissions

Water heaters, forklifts, irrigation pumps, space featers:
For each fuel:
metric tons (GHG) = grams (GHG)/MMBtu (fuel) * MMBiwf fuel consumed / £0

Light-duty trucks, mid-duty trucks:
For each fuel:
metric tons (GHG) = grams (GHG)/mile * miles traael 16

All applications:
Total metric tons of C@equivalent = metric tons G&1) + metric tons Clt(25) + metric tons
N,O*(298)

® These emission factors were obtained from theasisieeet “greet1.7.xls.” Vehicle performance databulated
for every fifth model year. The user must seleetybar 2015 to get performance data for 2010 mystel vehicles.
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V. Summary of Findings

Propane Reduces Greenhouse Gas Emissions: A Cotiveafaalysis




10

Propane’s Greenhouse Gas Emissions: A ComparatizayAis



Propane Reduces Greenhouse Gas Emissions: A Cotiveafaalysis

11




12

Propane’s Greenhouse Gas Emissions: A ComparatizayAis



Propane Reduces Greenhouse Gas Emissions: A Cotiveafaalysis

13




14

Propane’s Greenhouse Gas Emissions: A ComparatizayAis



V. Applications

The following pages present a series of one-pagerguies for the nine applications considered is thi
study. Each summary contains energy end-use datkebdata, and a comparison of the climate chang
effects of fuels used in the application. The sumsaalso include a listing of key assumptions and
references. A complete list of assumptions andeafses for each application is shown in Appendix B.

Distributed Generation — Distributed generation (DG) technology provieéctricity to off-grid
areas and serves as a backup source of powerdpitéis, factories, telecommunication centers,
and other crucial operations. In total, approxinyal®.3 million DG units are currently installed in
the U.S., running mainly on diesel fuel, althoulgl tise of systems that use propane and natural
gas are rapidly growing

Irrigation Pumps — U.S. farms rely on approximately 500,000 irrigatpumps to deliver water
from reservoirs, lakes, streams, and wells for gnaguluction. The majority of irrigation pumps
operate using electric motors and diesel fuel. Srhallest pumps are often operated by electric
motors, while higher capacity wells tend to be apext by diesel, natural gas, and propane engines.

Forklifts — Unlike most vehicles, forklifts use fuel not pbr vehicle propulsion but also for load
lifting work. Indoor air quality concerns restritte use of diesel for heavy-duty jobs; electric
forklifts are normally used for light-duty jobs, Wénpropane can be used for both.

Medium-Duty Engines— Medium-duty engines are used for many commeacidlmunicipal
vehicles, including school buses. Diesel currefitbls the majority of school buses in the U.S.,
despite the EPA considering its exhaust as onleeoditr pollutants that pose the greatest risks to
public health. Many school districts have been mg\ub alternative fuels such as propane and
compressed natural gas to address this issue.

Light-Duty Trucks — Light-duty trucks, such as the Ford F-150, dturtst a significant portion of
the U.S. vehicle fleet. While gasoline fuels thearigy of light-duty trucks in the U.S., ethanol
(E85) and propane have gained greater use in rgeant.

Residential Water Heaters— Residential water heaters include both tankag®units as well as
instantaneous (“tankless”) water heaters. Bothsygjevater heaters can be gas-fueled or electric
Fuel oil and solar power are also used for stotagk water heating.

Residential Space Heating Homes are most commonly heated by either a cerdgrhystem that
moves warm air through ducts, or by separate rgatiits (usually electric) distributed throughout
the home. Furnaces can be gas-fired (natural gasopane), oil-fired, or electric. Nearly five
million U.S. households rely on propane for homatimg (EIA 2001).

Propane Reduces Greenhouse Gas Emissions: A Cotiveafaalysis 15
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Distributed Generation

Distributed generation (DG) refers to the produtiad electricity at or near the point at which pever
is used. Distributed generators are used in resaemd industrial sectors as a prime source exftatity

or as a backup source in case of emergency. Pemergtors are often used in remote areas not r@ache

by the power grid, or by users that require greagkability than the local utility can provide. Bleup
generators include standby supply for hospitalgofées, telecommunication centers, and othercatiti

operations.

Generation capacities for onsite usage typicalhgeafrom a few kilowatts to several hundred kilawat
Types of DG that are fueled by propane include otigbines, generator sets (gensets), polymer

electrolyte membrane (PEM) fuel cells and soliddexiuel cells (SOFC)Microturbines operate like jet
engines that produce electricity instead of thrwéiije gensets consist of a combustion engine migian
electrical generator. Fuel cells generate eletyriry the chemical combination of fuel and oxygéiG

emissions analyses were conducted for three comimseof capacities, operating use (prime/standby),

and type (microturbine/genset), and are intendgutéeent an emissions profile representative of

common distributed generation use.
Market Data

Energy End-Use Data

In total, there are approximately 12.3 million DG

of 222 GW(DG Monitor 2005).In the commercial
sector, about 5% of businesses have the ability to
generate electricity onsite, with 78% of those
businesses using DG for emergency backup
generatiorn(EIA 2006). Most of the installed DG
capacity is combustion gensets, with alternative
types of DG rapidly growing. The microturbine
industry is an emerging technology, with the legdi

units (30 kW and 60 kW unitsisés Plants, Inc. 2006)

units installed in the U.S. with an aggregate caypad

supplier — Capstone — having delivered about 2,5(

Climate Change Comparison

Annual Greenhouse Gas Lifecycle Emissions per unit
(metric tons CO, equivalent)
30 kW prime microturbine
Total End-use Upstream
Diesel 106 84.3 22.0
Naturalgas  74.8 62.7 12.1
LPG 85.2 72.3 12.9
100 kW standby genset
Total End-use Upstream
Diesel 1.88 1.50 0.39
Natural gas 151 1.27 0.24
LPG 1.63 1.38 0.24
200 kW prime genset
Total End-use Upstream
Diesel 417 331 86.0
Natural gas 370 311 58.5
Propane 398 338 59.2

Performance and Energy Use Characteristics of
Representative DG
Fuel Electrical Energy Use
Efficiency, (MMBtu/unit/yr)
HHV (%)
30 kW prime microturbine
Diesel 22.7 1151
Natural gas 23.6 1107
LPG 23.6 1107
k 100 kW standby genset
0 Diesel 335 20.3
Natural gas 31.0 22.0
LPG 32.7 20.9
200 kW prime genset
Diesel 38.8 4493
Natural gas 325 5359
LPG 34.2 5091

Key Assumptions

1. Energy use is based on vendor specs for power-only
(no CHP) 60Hz gensets operating at 100%
nameplate load for 7 hours per day for prime and 20
hours per year for standby.

2. Emissions from point of extraction to point of use
based on GREET model.

See Appendix B for full list of assumptions and
references.

Footnotes

1. GHG emission profiles for PEMs and SOFCs have not
been separately evaluated in this study.

2. Representative generators for 30 kW microturbines
Capstone C30 Liquid Fuel, Capstone C30 Natural Gas;
100kW genset: John Deere J150U, Cummins 100GGHH,;
200kW genset: Armstrong AJD200, Caterpillar G3508
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Irrigation Pumps

Irrigation pumps deliver water from reservoirs,dakstreams, and wells to farm fields for crop
production. Most irrigation pumps are centrifughiyen by an engine connected to the drive sha# (s
diagram). The energy required to run a pump is oreasin terms of
fuel consumption or electric power use of the eaglriving the
shaft. Most irrigation pumps range in size fromt@@00 hp and Drive shaft connected to gine
operate at a steady speed and load for many haftes, 24 to 48 \

hours nonstop. The effectiveness in converting dualectricity to

mechanical power to drive the irrigation pump vati@sed on the Waterinlet

type of engine, operating conditions, engine |@am]

maintenance. This emissions analysis compares gydpaded  pjagram of centrifugal irrigation pump.

Water outlet to field

and maintained 100 hp engines driving centrifugéation Source: Scherer 1993.
pumps.
Market Data Energy End-Use Data
In the U.S. there are approximately 500,000 Energy Use from 100hp Irrigation Pumps
irrigation pumps, powered by fuels and electricity, (MMBtu/unit/yr)
Gasoline, 6,000 Fuel Use
Propane, 18,000 Other, 400 Fuel Rate Source
4 Ethanol Smajstrla and Zazueta 2003;
hawrel 625 (ES5) 829  DOE-EPA 2007,
Diesel 704 Smajstrla and Zazueta 2003.
Gasoline 829 Smajstrla and Zazueta 2003.
Diesel, 112,600 Natural gas 843 Evans, Sneed, and Hunt 1996.
LPG 767 Smajstrla and Zazueta 2003.
e g FHEE Electricity 217 Smajstrla and Zazueta 2003.
The smallest pumps are often operated by electri¢
motors, while higher capacity wells tend to be
operated by diesel, natural gas, and propane engjne
Source: USDA 2004.
Climate Change Comparison Key Assumptions
Annual Greenhouse Gas Lifecycle 1. Upstream emissions (from point of extraction aémpof
Emissions for 100hp Irrigation Pump use) are based on GREET model.
(metric tons CO, equivalent) 2. Emissions at point of use are based on 100 igaiion
End- Up- pump operating 749 hours per year.
Fuel Total use  stream _ _ _
Electricity 493 0 493 See Appendix B for full list of assumptions ancerehces
Natural gas 56.8 47.5 9.2
Ethanol (E85) 58.5 57.3 1.1
LPG 59.1 50.2 8.9
Diesel 65.1 51.6 135
Gasoline 77.4 60.5 16.9
(a) Credit is given to biodiesel for carbon sequestratising crop production
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Forklifts

Forklifts are used to move and stack loads, usualyarehouses. Unlike most vehicles, fuel is used
only for vehicle propulsion (with maximum speedsallyy between 10-15 mph), but also for load lifting
work. A large variety of forklifts can run on prapa Other fuels commonly used for forklifts are
electricity, compressed natural gas (CNG), gasphne diesel. Fuel choice may depend on load side a
air quality concerns — electric forklifts are nottpaused for light-duty jobs, while diesel fueltigically
used for extremely heavy-duty loads and is restlitd outdoor use for air quality reasons. Profsine
used for both light- and heavy-duty applications.

Market Data Energy End-Use Data
80,000
MMBtu per forklift per

70,000 Fuel year
60,000 - Electric 26

LPG 88
50,000 +

CNG 92
40,000 4 Diesel 74
30,000 | Gasoline 90
20,000 - Based on an average LPG forklift using 973
10000 | gallons per year (Delucchi 2000) and under 100

’ horsepower.
0 4
2001 2002 2003 2004 2005
Forklift Units Shipped:
Electric () vs. Propane ( )
Source: ITA 2006
Climate Change Comparison Key Assumptions
1. Assumes as in Delucchi 2000 that two-
Metric tons CO , equivalent per thirds of forklift energy use goes to vehicle
forklift per year propulsion and one-third goes to lifting.
Up- 2. For forklifts powered by fuels other than
Fuel Total End-use stream propane, the relative efficiencies of lifting
Electric 5.8 0.0 5.8 and propulsion compared to a propane-
LPG 7.1 6.1 1.0 based system were used to estimate the
CNG 7.2 5.6 17 fuel consumption of those vehicles.
Diesel 7.3 5.9 1.4 3. Thermal engine efficiencies estimated by
Gasoline 8.8 7.0 1.9 Delucchi were used to calculate fuel
required for lifting work.

(Note: Totals may not add due to rounding) 4. Relative fuel efficiencies used by the
GREET model for 6000-8500 Ibs. GVW
vehicles were used to calculate fuel
required for propulsion.

See Appendix B for full list of assumptions and
references.
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Medium-Duty Engines

Medium-duty engines are used for many commercidlrannicipal vehicles, including school

buses. Diesel currently fuels the majority of sdimees in the U.S. today, despite the fact thpbosure

to diesel exhaust is known to cause a number adradvhealth effects. Diesel exhaust is also antong t
air pollutants considered by the EPA to pose tieatgst risks to public health (CARB 1998, EPA 2003)
As a consequence, many school districts acrossotnatry have been looking for alternatives to diese
order to fuel their school bus fleets. A propane#pred school bus using an EPA-certified 8.1L Liquid
Propane Injection (LPI) system is one such altéraat

Market Data Energy End-Use Data
There are approximately 450,000 school
buses transporting 24 million school
children each school day (School Bus Flget Fuel MMBtu per bus per year
2007). Propane fuels more than 1,400 of EF‘)ege' ;ig
those school buses in the United States CNG 552
(PERC 2000). Gasoline 240

[

Based on a standard size (Type C) school bl
traveling 9,000 miles per year.

Climate Change Comparison Key Assumptions
1. Assumes fuel efficiencies for diesel and CNG
Metric tons CO , equivalent per buses reported in ANTARES Group 2004.
bus per year 2. Fuel efficiencies for LPG and gasoline
vehicles were estimated by applying the ratio
Up- of fuel efficiencies used by the GREET model
Fuel Total End-use stream fqr 6000-8500 Ibs. GVW vehicles (the largest
Diesel 175 13.9 37 size C|QS.S in the model) to CNG school bus
fuel efficiency reported by ANTARES Group.
LPG 17.9 15.1 2.8
CNG 18.7 14.0 a7 See Appendix B for full list of assumptions and
Gasoline 22.0 17.0 4.9 references.

(Note: Totals may not add due to rounding)
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Light-Duty Trucks

Light-duty trucks, such as the Ford F-150, conitusignificant portion of the U.S. vehicle fleéthile
gasoline fuels the majority of light-duty trucksthre U.S., ethanol (E85) and propane have gaineatgyr
use in recent years. The Roush F-150 pickup ugpsd_Propane Injection (LPI) technology to make the
F-150 a dedicated propane vehicle. Using an ergginguter specifically calibrated for propane, tid L
system directly replaces the OEM gasoline injecigstem. The propane-powered F-150 offers the same
performance as a gasoline-powered pickup truclarieth(E85) may also be used in Ford’s flex-fuel
model of the F-150, which can be fueled by eitlegufar gasoline or E85. E85 is composed of 85%

ethanol and 15% petroleum by volume.

Market Data

Energy End-Use Data

The Ford F-series pick-up trucks have beg
the top-selling vehicle in the United State
for 25 consecutive years, with close to

1,000,000 vehicles sold in each of the pal

several years (Forbes.com 2006).

en

MMBtu per vehicle per

Fuel year

LPG 75
E85 75
Gasoline 75

Based on a pickup truck traveling 10,000 miles
per year.

Climate Change Comparison

Key Assumptions

Metric tons CO2 equivalent per
vehicle per year

End-
Fuel Total use Up-stream
LPG 5.6 4.7 0.9
Ethanol (E85) 5.7 5.2 0.5
Gasoline 6.9 5.3 15

(Note: Totals may not add due to rounding)

1. Fuel efficiencies used by the GREET
model for 6000-8500 Ibs. GVW vehicles
were used to calculate fuel use for
equivalent miles traveled. See appendix 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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Residential Water Heaters

Propane residential water heaters include both $sorage units as well as instantaneous (“tankjess”
water heaters. While storage water heaters keepstantly available supply of hot water, tanklestsu
heat water as it is supplied to the end user. Btattage and tankless units can be gas-fueled driele
Gas water heaters are designed to run on eithpapeoor natural gas. Fuel oil and solar power, lvewe
are only used for storage tank water heating. Swdaer heaters frequently use electricity to punapewn
through the collector, and solar water heatingesystalmost always require a conventional heatar as
backup for cloudy days (DOE 2005d). Heat pump wiagaters use electricity to move heat rather than
generate it directly. They are more efficient tledectric water heaters but very few are commeigciall

available.

Market Data

Energy End-Use Data

Residential water heaters installed in
the U.S. by fuel type (million units)

LPG, 3.0 Solar, 1.2

Fuel Oil,
4.7

Natural

Electricity Gas. 58.2
as, 58.

41.6

Sources: EIA 2001, NREL 1998
Includes all types of water heaters.

Storage tank heater

MMBtu per unit per

Fuel year

Solar w/ LPG backup 7
LPG 16
Natural gas 16
Heat pump 5
Fuel oil 16
Electricity 11

Tankless water heater

MMBtu per unit per

Fuel year

Natural gas 12
LPG 12
Electricity 11

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

rage

Climate Change Comparison

Key Assumptions

Storage tank heater

1. Energy efficiencies based on the highest

Metric tons CO2 equivalent energy factor repqrted ir.' t.he GAMA.
per unit per year Directory of Certified Efficiency Ratings
end- up- (GAMA 2006). Solar water heater energy
Fuel total use stream efficiency based on DOE 2005c.
Solar w/ LPG 2. Fuel consumption of propane storage tank
backup 0.5 0.3 0.2 heater based on average residential energy
LPG 10 0.8 0.2 consumption for water heating. Tankless
Natural gas 1.0 0.8 0.2 propane fuel consumption based on
Heat pump 11 0.0 1.1 relative efficiency compared to a tank
Fuel ol 14 11 03 heater. See appendix for efficiency values
Electricity 2.5 0.0 2.5 (energy factors) used.
Tankless water heater 3. Solar water heater uses electricity for fluid
Metric tons CO2 equivalent circulation. Solar water heater delivers
per unit per year 60% of water heating load with remaining
end- up- 40% from a backup LPG system.
Fuel total use stream
Natural gas 0.8 0.7 0.1 See Appendix B for a full list of assumptions
LPG__ 0.9 08 01 and references.
Electricity 2.4 0.0 2.4

Propane Reduces Greenhouse Gas Emissions: A Cotiveafaalysis 21




Residential Space Heating

Homes are most commonly heated by either a cexgthBystem that moves warm air through ducts or by
separate heating units (usually electric) distebiuthroughout the home. Furnaces can be gas-fifled,

fired, or electric; most gas furnaces can be fubledither natural gas or propane. Heat pumps use
electricity to heat air, but do so by moving hedher than generating heat by electrical resistarttis
makes heat pumps more efficient than electric tadsaand allows them to deliver more heat enengy t
they use in electricity.

Because boilers have the same range of energyeeffies as furnaces, they were not added to the
analysis, but their greenhouse gas emissions eaomably be assumed to be comparable to those of
furnaces. Similarly, a number of different electeésistance heating units can be used to heat rdmrs
because they all convert nearly 100% of electricitg useful heat, their emissions impact will baikar
to electric baseboard heating.

Market Data Energy End-Use Data
Households in the U.S. by main space-
heating fuel (million households) MMBu per heating
Other Fuzl system per year
LPG, 4.9 3.0 LPG Furnace 47
) Natural Gas Furnace 47
Fuel Oil, -
8.0 Electric Heat Pump 15
Fuel Oil Furnace 53
Electric Baseboard 38
Electric Furnace 44

Natural

Electricity Gas, 59.1

30.9 Based on a furnace delivering 38 million Btu pf

useful heat, typical of a furnace in a winter
climate zone such as the mid-Atlantic.

Source: EIA 2001

Climate Change Comparison Key Assumptions
1. Estimated useful heat delivered by a
Metric tons CO2 equivalent per propane furnace was 38 million Btu, and
heating system per year was based on an average energy
Up- consumption of 52.6 million Btu per year
Fuel Total | End-use | stream of propane in a region with 4000-5499
LPG Furnace 3.1 2.5 0.6 heating degree days (EIA 2001) after
Natural Gas estimated average efficiency (15%) and
Furnace 3.1 25 0.6 duct losses (15%) were applied.
E'fncqt”c Heat a5 00 a5 2. Energy efficiencies based on the highest
2 : : : annual fuel utilization efficiency (AFUE)
Eh‘rer']fc'é 49 29 10 reported in the GAMA Directory of
Electric Certified Efficiency Ratir_lgs (GAMA '
Baseboard 8.7 0.0 8.7 2006) for gas and fuel oil furnaces with
Electric greater than 60,000 Btu-hour ratings.
Furnace 10.1 0.0 10.1 3. Assumed 100% conversion efficiency of

electric heaters and electric furnaces.

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

Carbon dioxide (CO ;) equivalent

The amount of carbon dioxide by weight emitted it atmosphere that would produce the same
estimated radiative forcing as a given weight afthar radiatively active gas. Carbon dioxide eqi@nts
are computed by multiplying the weight of the gagly measured (for example, methane) by its
estimated global warming potential (which is 21 fmgthane). "Carbon equivalent units" are defined as
carbon dioxide equivalents multiplied by the carlsontent of carbon dioxide (i.e., 12/44) (EIA 2007)

End-use
Pertaining to the ultimate consumption of energfuet (adapted from “end user,” EIA 2007).

Global Warming Potential (GWP)

An index used to compare the relative radiativeifay of different gases without directly calculafithe
changes in atmospheric concentrations. GWPs atcalatdd as the ratio of the radiative forcing that
would result from the emission of one kilogram afraenhouse gas to that from the emission of one
kilogram of carbon dioxide over a fixed period iofi¢, such as 100 years (EIA 2007).

Greenhouse Gases (GHG)

Those gases, such as water vapor, carbon dioxtdeus oxide, methane, hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs) and sulfur hexafluoridat #re transparent to solar (short-wave) radidiian
opague to long-wave (infrared) radiation, thus preing long-wave radiant energy from leaving Earth'
atmosphere. The net effect is a trapping of absbradiation and a tendency to warm the planetfacer
(EIA 2007).

Lifecycle
The process from raw material acquisition (inclgdéxploration and production) through end-use gy th
consumer.

Radiative forcing

A change in average net radiation at the top ofribgosphere (known as the tropopause) because of a
change in either incoming solar or exiting infraradiation. A positive radiative forcing tends oreeage
to warm the earth's surface; a negative radiativeirig on average tends to cool the earth's surface
Greenhouse gases, when emitted into the atmosphegrénfrared energy radiated from the earth's
surface and therefore tend to produce positiveatai forcing (EIA 2007).

Upstream

Pertaining to any process, or the sum total of ggses, used to produce or deliver energy up tpdim

of consumption by the end-user. Concerns all psesased in the transformation of raw feedstoak int
fuel, including raw material extraction, processitignsportation, distribution, and storage (adajrtem
diagram, Argonne National Laboratory 2007).
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VII. Appendix B " Assumptions and References

About Climate Change
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Intergovernmental Panel on Climate Change (IPC@)12Atmospheric Chemistry and Greenhouse
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04.PDF
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Distributed Generation

Assumptions

1. Energy use is based on vendor specs for powgr(palCHP) 60Hz gensets operating at 100%
nameplate load.

2. End-use energy consumption data are based ortedgael use in vendor specifications of
representative generators. Representative gengfata30 kW microturbines: Capstone C30 Liquid
Fuel, Capstone C30 Natural Gas; 100kW genset: Delene J150U, Cummins 100GGHH; 200kW
genset: Armstrong AJD200, Caterpillar G3508. (Marspecs 2007)

3. Capstone C30 microturbine is operated at ambéamperatures above 35°F (a propane pump and
vaporizer is unnecessary) (Gas Plants, Inc. 2006).
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4. Methane and nitrous oxide emission factors asedan Delucchi 2000.

5. Carbon content (kg CO2/million Btu) of all fuesaluated assumes 99% combustion. Table B.1
DOE 1994.

6. Energy content of fuels based on EIA 2007 and H)A7a.

7. Upstream emissions (from point of extraction énpof use) for all fuels are based on GREET
model version 1.5 (GREET Model 2007).

8. Assume representative standby generator opet@tiesurs per year. (15 min. per week for exercisin
=13 hours, plus 7 hours of operation averagegoa power area). Source: email correspondence
with PERC May 15, 2007.

9. Prime power units can operate from 4-10 hoursdpgr Assume 7 hours per day for an average un
Source: email correspondence with PERC May 15, 2007

10. Global warming potentials (GWP) are used to damthe three greenhouse gases into metric tons
carbon dioxide equivalent. GWPs for this studylzased on 100 year time horizon: CO2 = 1,
methane = 25, nitrous oxide = 298 (IPCC 2007).
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Gas Plants, Inc. 2006. Propane-Fueled MicroturBiage Study: Potential of Propane as a Microturbine
Fuel. Prepared for the Propane Education and Res€&muncil (September 1).
http://www.propanecouncil.org/files/10466_Superli_CaseStudy.pdf
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GREET, Version 1.5. UChicago Argonne, LLC.
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Supporting the General Guidelines for the Volunt@gporting of Greenhouse Gases under Section
1605(b) of the Energy Policy Act of 1992. Volum®@a4rt 1, Electricity supply sector; Part 2, Resitah
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and commercial buildings sector; Part 3. Industrsagictor DOE/PO-0028-Vol. 2 (October).
http://www.osti.gov/bridge/servlets/purl/10196818g&i/webviewable/

Vendor specs. 2007.

Armstrong AJD200Armstrong AJD Line Diesel Powereirmstrong Power Trade.
http://www.armstrongpower.com/b144-ajd.gdtcessed May 2007).

Capstone C30 Liquid Fuel. 200830 Liquid Fuel MicroTurbine Performance Specifioat Capstone
Turbine Corporationhttp://www.microturbine.com/_docs/PDS_C30LigFueBmcs1R.pdf
(accessed May 2007).

Capstone C30 Natural Gas. 20080 Natural Gas MicroTurbine Performance Specifimas Capstone
Turbine Corporationhttp://www.microturbine.com/_docs/PDS_C30NatGasPeets1R.pdf
(accessed May 2007).

Caterpillar G3508. 2001as Petroleum Engine G3508: Caterpillar Engine $jpetions Caterpillar.
http://www.cat.com/cdalfiles/98936/7/lehw0810.p@fccessed May 2007).

Cummins 100GGHH. Cummins Power Generattexhaust Emission Data Sheet 100GGHH
http://www.onan-generators.biz/cart/PDF/industgas/L P/GGHH-60-em.pdaccessed May
2007).

John Deere J150WU150U Diesel GenseEDMO Industries.
http://www.sdmo.com/sitev3/files/pdf/GB/J150U.qdtcessed May 2007).

Irrigation Pumps

Assumptions

1. Fuel and electricity use are based on performataselards determined for internal combustion
engines using standard accessories, including erywamp, fan, and radiator (Smajstrla and Zazueta
2003).

2. Methane and nitrous oxide emission factors asedan Delucchi 2000 unless otherwise noted
below.

3. Assume methane emissions are 2% higher from B8tbastion than gasoline combustion based on a
hydrocarbon emissions analysis from small engindkis study: Varde 2002.

4. Carbon content (kg CO2/million Btu) of all fuedgaluated assumes 99% combustion. Table B.1
DOE 1994.

5. Energy content of fuels based on EIA 2007, Biogné&eedstock Information Network 2007, and
Evans, Sneed, and Hunt 1996.

6. There is no meaningful difference in engine éficy between E85 and gasoline. Fuel usage of E85
is higher due to ethanol’s lower energy contentXfROE 2007).

7. Upstream emissions (from point of extraction ainpof use) for all fuels are based on GREET
model version 1.5 (GREET Model 2007).

8. Upstream ethanol emissions are based on the GRiee€l for converting corn to ethanol. The
emissions and energy use involved in the produaifaorn are calculated on the basis of the amount
of fuel and chemicals (fertilizer, herbicides, anskecticides) used per bushel. Energy efficiency of
97.7% is assumed for ethanol transportation, ségraigd distribution. The figure below presents the
stages that are included for the upstream ethatallations in GREET 1.5.
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Diagram of upstream elements for calculating emissifrom ethanol fuel production. Figure 4.1 from
GREET 2007.

9. Assume representative irrigation pump operat@&shodirs per year. Source Autumn Wind Associate
2004, page 20.

10. Global warming potentials (GWP) are used to damthe three greenhouse gases into metric tons
carbon dioxide equivalent. GWPs for this studylzased on 100 year time horizon: CO2 = 1,
methane = 25, nitrous oxide = 298 (IPCC 2007).
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Forklifts

Assumptions

1. Average fuel use of 973 gallons of propane par j&based on market data provided in Delucchi
2000, which cites 400,000 forklifts using 389 naitligallons of propane annually.

2. The analysis used the assumption by Delucchittbathirds of forklift energy use goes to vehicle
propulsion and one-third goes to lifting. Thisclian was not based on actual usage data, but was
considered by the author to be a reasonable asgumpt

3. For forklifts powered by fuels other than propahe relative efficiencies of lifting and propusi
compared to a propane-based system were usedn@esthe fuel consumption of those vehicles.

4. Relative fuel efficiencies used by the GREET nidole6000-8500 Ibs. GVW vehicles, model year
2010, were used to calculate fuel use for equivateles traveled. The ratio of the fuel economy of
each vehicle type (in miles per gasoline equivadgtibn) relative to a gasoline powered vehicle are
as follows: electric — 3.5; LPG and gasoline — CNG - .95; diesel — 1.31.

5. Thermal engine efficiencies were used to caleuiagl use for equivalent lifting work in Btus.
Forklift engine thermal efficiencies used were thased by Delucchi: LPG and CNG — 28.0%;
gasoline — 26.7%; diesel — 28.5%. Electric mdterinal efficiency was assumed to be 95%.

6. Upstream emission factors were based on the potpne GREET model (GREET 2007). See text
for a discussion of the assumptions used withrttddel.

7. End-use emission factors were based on thoseimiseel GREET model for 6000-8500 Ibs. GVW
vehicles, given in grams-per-mile in the “greetdls.input file provided with the model. Emission
factors were converted from grams-per-mile to grpersMMBtu of fuel.
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Medium-Duty Engines

Assumptions

1. Different fuel systems were evaluated based erethissions resulting from the delivery of an
equivalent energy service — miles traveled.

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

3. The following fuel economy values (in diesel-a@lént gallons) were used in the comparative
analysis: LPG school bus — 5.2; CNG school bu®:-desel school bus — 6.6; gasoline school bus
5.2. Fuel efficiency for CNG and diesel vehiclesravthose reported by ANTARES. This source
assumed that LPG buses had the same fuel econoBl@wehicles. But because the fuel tanks of
CNG vehicles are heavier than those of LPG vehmtescreate a fuel economy penalty, the relative
fuel efficiencies used by the GREET model (GREET7)0vere used to get a more accurate estima
LPG fuel economy. Relative fuel efficiencies ubgdhe GREET model for 6000-8500 Ibs. GVW
vehicles, model year 2010, were used to estimatéudd economy of LPG as well as gasoline schoq
buses. The fuel economy of the LPG vehicle inGIREET model is 5.3% higher than that of a CNG
vehicle (on an equivalent gallon basis). Thisatéhce was applied to reported fuel economy for
CNG school buses in order to calculate fuel econfongn LPG bus. Because the GREET model
assumes that LPG and gasoline vehicles have the &ehefficiency on an equivalent gallon basis,
gasoline bus fuel efficiency was assumed to be equal to the LPG bus value.

4. Upstream emission factors were based on the botpne GREET model. See text for a discussion
of the assumptions used with this model.

5. End-use emission factors were based on thoseimiseel GREET model for 6000-8500 Ibs. GVW
vehicles
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Light-Duty Trucks

Assumptions

1. Different fuel systems were evaluated based erthissions resulting from the delivery of an
equivalent energy service — miles traveled.

2. Atypical pickup truck was estimated to trave]QD miles per year.

3. The following fuel economy values (in gasolinaseglent gallons) were those used in the GREET
model (GREET 2007), and were used in the comparatialysis: LPG, gasoline, and E85 — 16.7.

4. Upstream emission factors were based on the botpne GREET model. See text for a discussion
of the assumptions used with this model.

5. End-use emission factors were based on thoseimiseel GREET model for 6000-8500 Ibs. GVW
vehicles, given in grams-per-mile in the “greetlls.input file provided with the model.
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Residential Water Heaters

Assumptions

1. The highest reported energy efficiency for eggle tof water heater was used in the analysis. The
energy efficiency of a water heater is designateisbenergy factor, which is the ratio of the heat
delivered (as hot water) to the energy consumed électricity, natural gas, LPG, or oil) accogdin
to a specific test procedure (DOE 2000).

2. Energy factors for all water heaters except ssker heaters were based on the highest reported
energy factor in the GAMA Directory of Certifiedfitiency Ratings (GAMA 2006) for each type of
unit. The GAMA source did not include solar hotteraheater efficiency ratings. The energy factor
of solar hot water heaters was based on the high&st in the range provided by DOE’s Office of
Energy Efficiency and Renewable Energy (DOE 2005()is energy factor assumes that some
amount of electricity is used to circulate fluiBnergy factors for storage tank water heaters were:
solar — 11.0, LPG - 0.67, natural gas — 0.67, pewatp — 2.28, fuel oil — 0.68, electric — 0.95. Eye
factors for tankless water heaters were: LPG — M&&ural gas — 0.85, electric — 0.99.

3. Although heat pump water heaters may be usetmdiess water heating, there were no tankless heat
pump models listed in the GAMA directory and therefwere not evaluated in the analysis.
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4. Solar water heaters are typically integrated witbther hot water heating system running on ghs, o
or electricity. Solar water heaters typically seb8e75% of the hot water load (DOE 2005(b)).
Typical values for LPG was selected as the backsfem, with the solar water heater system servin
60% of the load.

5. Fuel consumption of LPG storage tank heater basdte average fuel consumption of a residential
hot water heating system of 15.8 MMBtu, based ch Z)01.

6. Upstream emission factors were based on the botplne GREET model (see text for a discussion ¢
the assumptions used with this model).

7. End-use emission factors were those used in Diel@©00.
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Residential Space Heating

Assumptions

1. Different fuel systems were evaluated based erthissions resulting from the delivery of an
equivalent energy service — the amount of usefat sepplied to the home.

2. Estimated useful heat delivered by a propaneftenwvas 38 million Btu, and was based on an
average energy consumption of 52.6 million Btuyssar of propane in a region with 4000-5499
heating degree days (EIA 2001) after estimatedameeefficiency losses (15%) and duct losses
(15%) were applied.

3. The highest reported energy efficiency for eggle tof space heater was used in the analysis. The
energy efficiency of a space heater is designagatsannual fuel utilization efficiency (AFUE),
which is the ratio of heat output of the furnacdoiler compared to the total energy consumed by a
furnace or boiler (DOE 2005a).

4. The energy efficiency for gas and fuel oil furesevere based on the highest reported AFUE in the
GAMA Directory of Certified Efficiency Ratings (GAK 2006). AFUE values for furnaces were:
LPG and natural gas — 95.7, fuel oil — 85.0. ArlJ&of 100 was assumed for the electric furnace
based on the upper end of the range given in DQB&Z0

5. Electric heat pump energy efficiency is determibg its heating season performance factor (HSPF),
which is the ratio of heat delivered in Btus to éhectricity consumed in Watt-hours. A HSPF of
10.0 was used for the heat pump, since it wahitteest value in the range reported in DOE 2005b.

6. Duct heat losses of 15% were assumed for thaderand heat pump systems, and were applied after
conversion efficiency losses. The heat transfiigiency of the electric resistance baseboard hgati
system was assumed to be 100% based on DOE 2005.

7. Itwas assumed that gas and oil furnaces met GAMA's guideliedectrical efficiency (GAMA
2006), meaning their electricity usage during adstbheating season is 2% or less of the totalgyner
used by the furnace. Therefore, emissions reguitom electricity consumption by these furnaces
was not calculated.

8. Upstream emission factors were based on the potpne GREET model (GREET 2007). See text
for a discussion of the assumptions used withrtiddel.

9. End-use emission factors were those used in Diel@©00.
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