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Exec
Sum

Energy production and use generates
greenhouse gas (GHG) emissions that

can contribute to climate change. While
government and business leaders as well

as consumers are increasingly concerned
with climate change, they also understand
that energy plays an essential role in daily
life. As a result, many leaders are currently
seeking ways to reduce GHG emissions while
also promoting economic development and
consumer choice, and many consumers are
taking more of an active role in determining
their personal energy mix. In order to make
informed choices in this area, these decision-
makers require unbiased, credible information
about available energy options.

This study aims to provide both leaders and
consumers with the type of information they
need by quantifying the greenhouse gas
emissions produced by the use of propane
and other energy sources in 14 selected
applications important to the U.S. propane
industry. These applications cover the major
propane markets: residential buildings,
commercial buildings, off-road applications,

on-road vehicles, and agricultural applications.

The study’s methodology considers not only
emissions generated at the point of use but
also all upstream emissions produced during
the extraction, production, and transportation
of each energy source. Because equipment
efficiency plays an important role in the

amount of energy required to perform a useful
task, such as heating a home, the study’s
methodology also considers efficiency, which
can vary significantly depending on the energy
source used.

The results of this study show that propane

is a low-carbon fuel source that produces
fewer greenhouse gas emissions than many
competing energy options in a wide range

of applications. Propane’s chemistry—its
molecular structure—provides it with relatively
low carbon content compared to liquid fuels
like diesel and gasoline and compared to
electricity, much of which is generated from
coal in the United States. As a result, propane
is a favorable energy option across the market
areas featured in this study, as demonstrated
by the graphs in Figure ES1.

Energy choice is a complex issue. Greenhouse
gas emissions are just one of the many
factors that decision-makers must consider
when weighing their energy options; factors
such as cost, performance, reliability, and
safety also play a significant role. As leaders
and consumers grow increasingly aware of
the potential impact of their energy choices,
their access to sound information about their
options will grow increasingly critical as well.
The results of this study offer new insights
that can aid decision-makers considering
propane as a low-carbon energy source.
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Figure ES1. Comparative Analysis of GHG Emissions from Propane and
Competing Energy Options (GHG emissions relative to propane = 1.00)
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Purpose of
thi

Energy production and use generates
greenhouse gas (GHG) emissions that can
contribute to climate change. Government
and business leaders are increasingly
concerned with climate change but also
understand that energy plays an essential role
in our daily lives. Public and private sector
decision-makers are therefore seeking ways to
reduce GHG emissions while also promoting
economic development and consumer choice.

The purpose of this study is to quantify

the GHG emissions associated with the
production and use of propane and

other fuels in 14 selected applications of
importance to the U.S. propane industry.
These applications address a range of major
propane markets, including residential
buildings, commercial buildings, off-

road vehicles, on-road applications, and
agricultural applications (see Figure 1).

This study builds on previous GHG analyses
commissioned by PERC, the most recent of
which was published in 2009. Since then, the
propane industry has witnessed the following

s Report

significant changes and developments:

In 2009, approximately 60% of domestic
propane was produced from natural gas
production, with the remainder being
produced during petroleum refining.

With the rapid development of shale gas
resources in recent years, this ratio has
shifted; now more than 70% of domestic
propane originates from natural gas
production, which is a change that affects
the carbon intensity of propane (ICF
International 2013).

Since 2009, many new propane-fueled
products have been successfully
commercialized, including several engine-
based products that were not included in
the previous study.

The full fuel cycle model used to estimate
upstream emissions—the Greenhouse
Gases, Regulated Emissions, and

Energy Use in Transportation Model
(GREET) published by Argonne National
Laboratory—has been updated several
times since the previous study, most
recently in October 2013 (ANL 2013b).
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Figure 1. Selected Applications Included in this Report
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About Greenhouse
Gases and Climate
Change

Greenhouse gases affect the earth’s climate landfills and natural gas leaks), nitrous oxide

by trapping heat from the sun. While these (e.g., agricultural fertilizer), and fluorine-
gases keep the earth at a temperature containing halogenated substances (e.g.,
suitable for human life, elevated levels of hydrofluorocarbons [HFCs], perfluorocarbons
greenhouse gases in the atmosphere cause [PFCs], and sulfur hexafluoride [SF6] from
global warming. Scientists have concluded refrigerants and industrial processes).

that increasing concentrations of greenhouse

gases emitted by human activity are Figure 2. Source of U.S_. (_EHG Em_issions (2012)
contributing to changes in the earth’s climate (Total: 6,301 million metric tons CO,e)

(IPCC 2013) that are threatening ecosystems Non-energy related Gasoline
and public health (EPA 2013). If greenhouse GHG emissions 18%

gas (GHG) emissions continue to increase, 20%
climate change is predicted to continue and
accelerate significantly (USGCRP 2009).

Propane
1%

Distillate

Greenhouse gases are emitted from several oil (diesel)

sources, but 80% of the emissions from Natural gas 99
human activity can be attributed to the 21% —

combustion of fossil fuels for energy. Figure pe?rto*;g[lm
2 shows the sources of greenhouse gases 6%

emitted from human activity in the United

States by energy and non-energy sources (EPA )
2014)! The majority of these GHG emissions 25%
are carbon dioxide (CO,), but other gases
represent a significant share of the total.

Coal

The global warming impact of these other
gases is typically quantified in terms of its

After energy use, the remaining balance “global warming potential” (GWP) or the

of GHG emissions from human activity is relative impact of how much heat is trapped
from industrial processes that emit CO, by the gas compared to CO,. Methane gas,
directly (e.g., cement kilns), methane (e.g., for example, is 28 times more potent than

‘Energy-related emissions shown in the figure are emitted as CO, from fossil fuel combustion.
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CO, at warming the atmosphere, so total
methane emissions are multiplied by a GWP
of 28 to express emissions in terms of “CO,
equivalent.” The results in this analysis are all
expressed in terms of CO, equivalent (CO_e).

The three greenhouse gases of primary
concern for the purposes of this study are
CO,, methane, and nitrous oxide, because
they are associated with fuel production

and use. Other greenhouse gases are not
included in this analysis because they are not
significantly related to the production or use
of the fuels evaluated.

Greenhouse
Gases and
Criteria Air

Pollutants

When considering emissions from fuel
combustion, it is useful to distinguish
between criteria air pollutants, which have
been regulated by the EPA since 1970, and
GHG emissions. While criteria pollutants

are relatively short-lived and cause regional
environmental problems such as smog and
acid rain, they are not the primary gases
contributing to climate change. In contrast,
GHG emissions remain in the atmosphere for
decades to centuries and cause global effects
(IPCC 2001b).2 Other important differences
between criteria pollutants and GHG
emissions are summarized in Table 1.

Although GHG emissions and criteria
pollutants are both products of combustion
reactions, CO,—the most significant
greenhouse gas—is the unavoidable product

of the chemical conversion of carbon-based
fuels into energy. Criteria pollutants such

as ozone and particulate matter are the
byproducts of undesired processes including
fuel leaks, incomplete combustion, and
secondary chemical reactions, among others.
Criteria pollutants can often be mitigated by
pollution control equipment and operational
and maintenance practices. In contrast, CO,
emissions can only be reduced by improving
fuel efficiency or by switching to a fuel with a
lower carbon content, such as propane.’

Table 1. Important Differences between Greenhouse
Gases and Criteria Air Pollutants

EXAMPLES

CAUSE OF
EMISSIONS

QUANTITY
RELEASED

SCALE OF
IMPACT

LIFETIME IN
ATMOSPHERE

.

GREENHOUSE
GASES

Carbon dioxide
(CO,), methane
(CH,), nitrous
oxide (N,0)

CRITERIA POLLUTANTS

Ozone (0,), nitrogen
dioxide (NO,), sulfur
dioxide (S0,), carbon
monoxide (CO),
particulates (PM10, PM2.5)

Carbon dioxide
is the principal
product of fuel
combustion

Fuel leak, undesired
byproduct of
combustion, or
secondary reactions

Depends on the
carbon content

Sensitive to many
factors, such as side

of fuel and reactions or leaks
amount of fuel

used

Global Local or regional
Decades to Days to months
centuries

pstream vs.
nd-Use GHG
MISSIONS

This analysis takes a lifecycle approach to
estimating the greenhouse gases emitted

2The greenhouse gases described in this report refer to “well-mixed” GHGs, meaning that the lifetimes of these gases are long enough to be
thoroughly mixed in the lower atmosphere. Some GHGs are short-lived, but they are not included in this study because they are minor contributors

to global warming from the fuels and applications examined in this analysis.

*Carbon capture and storage (CCS) technologies can also be employed to reduce CO, emissions released to the atmosphere. Although CCS is being considered
for large point sources such as power plants and industrial facilities, it is not considered for the types of applications examined in this study.
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by different energy and technology
combinations. A lifecycle approach accounts
for not only the emissions generated when
using energy at the point of use (e.g., heating
a building, driving a vehicle), but also the
emissions generated in all processes used to
extract, process, and transport the energy to
its point of use.

The GHG accounting 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 product.
This report refers to emissions released at the
point of final use as “end-use emissions” and
refers to those emissions that occur along the
delivery pathway as “upstream emissions.”

GHG Emissions from Fuel
Production (Upstream
Emissions)

Upstream emissions as defined in this
analysis are the sum of all emissions resulting
from the recovery, processing, and transport
of fuel from the point of extraction to the
point of delivery to the end user.

Figure 3. Upstream Supply Chain for Propane

Including upstream emissions in an analytical
comparison of different energy sources has a
significant impact on results. For example, a
GHG comparison of end-use emissions would
give the false impression that electricity, with
zero end-use emissions, is an energy source
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to account for the substantial release of
emissions by the combustion of fossil fuels to
generate electricity.

Just as fossil-based power plants are
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emitted in the extraction, production, and
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production and delivery of fuels. But energy
use is not the only source of upstream
emissions; other production processes also
release greenhouse gases. For example,
growing crops for ethanol production requires
the application of nitrogen fertilizer, which
causes the formation of nitrous oxide, while
natural gas production and processing releases
fugitive methane emissions. GHG 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, which is a valuable tool for
comparative lifecycle analyses of fuel systems.

GHG Emissions from Fuel
Combustion (End-Use
Emissions)

The principal greenhouse gas emitted during
fuel combustion is CO,, though very small
amounts of methane and nitrous oxide are
also emitted during combustion.

The carbon content of a fuel determines
how much CO, will be released when the
carbon in the fuel is burned and oxidized.
Lighter hydrocarbons, such as propane,
have fewer carbon atoms per molecule than
heavier fuels, such as diesel. Heavier fuels
tend to emit more CO, per unit of chemical
energy. This trend is evident in Table 4 of
the Methodology section, which outlines the
range of different fuels in terms of mass of
CO, released per unit of energy.

The carbon content of a fuel is only one
part of the end-use emissions equation. The
amount of fuel consumed plays an equally
important role. Diesel has a higher carbon
content than gasoline, but since diesel
engines are generally more fuel efficient
than spark-ignition engines, a diesel-fuel
technology may still produce less CO, than a
gasoline technology that requires more fuel
to do the same amount of work. To compare
GHG emissions from different fuels, the
technologies and fuel efficiencies of each
specific application must be considered.

Greenhouse Gas Emissions from the Use of Propane and Natural Gas

When released into the air, propane is considered to be a part of the volatile organic compounds (VOC)
class. These compounds have a short atmospheric lifetime and a small direct impact on climate (IPCC
2001a). Although precipitation and chemical reactions remove VOC from the atmosphere, some reactions
convert VOC into other compounds, such as organic aerosols, methane, and ozone, which do influence
climate. The largest source of VOC emissions by far is natural vegetation (IPCC 2001a), and the overall
impact of all energy-associated VOC on global temperature is very small (IPCC 2013).

Natural gas (methane) generates fewer CO, emissions per Btu than propane, but unlike propane, natural gas
is a powerful greenhouse gas. When released into the air, natural gas is slow to break down and produces

a global warming effect 28 times that of CO,.“ Furthermore, new research suggests that methane leaks from
the North American natural gas infrastructure are higher than previously estimated (Brandt et al. 2014).

“Based on GWPs provided in the IPCC's Fifth Assessment Report (AR5).
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Methodology

This section describes the general
methodology used to prepare this report.
Application-specific assumptions are provided
with their respective applications in the
Summary of Findings section of this report.

Basis for
Comparison of
Emissions by
Application

This study quantifies lifecycle greenhouse

gas (GHG) emissions for fourteen different
applications that use propane as a fuel source.
The applications in the analysis represent a
diverse set of market segments that include
well-established propane-fueled products,
such as forklifts, and emerging propane
applications, such as the propane-fueled light-
duty truck or the propane-fueled heat pump
for commercial heating and cooling.

Each propane application was compared
to systems using other fuels for the same
application. For each application, competing

technologies were evaluated based on an
equivalent unit of energy service, such as hours
of operation, miles traveled, or heat delivered.

For some fuels, such as electricity, energy
efficiency differences from propane are the
result of two different technology designs. For
other fuels, there are only slight differences
in technology design. To ensure a consistent
basis for comparison, the highest available
energy efficiency for each technology was
used whenever possible. Where application-
specific data was not available, the relative
efficiencies of the fuel systems under
comparison were based on the efficiencies
reported for similar technologies.

Upstream
Emissions
Analysis

Upstream emissions as defined in this
analysis are the sum of all emissions resulting
from the recovery, processing, and transport
of fuel from the point of extraction to the
point of delivery to the end user. These

Comparative Analysis of Greenhouse Gas Emissions from Propane and Competing Energy Options | 11



emissions are quantified by the Greenhouse
Gases, Regulated Emissions, and Energy Use

in Transportation Model (GREET) model, which
was used to estimate the upstream portion of
the lifecycle greenhouse gas (GHG) emissions
of each application evaluated in this study.

The emission factors used in this study to
calculate upstream emissions are shown in
Table 2, which outlines the amount of each gas
(in grams) released upstream for each unit of
energy (in million Btu)® of fuel consumed. The
amounts reported for each individual gas were
obtained using the GREET model. The values
shown for carbon dioxide (CO,), methane

(CH,), and nitrous oxide (N,0) are the output
of the “Well-to-Pump” table in the GREET
model spreadsheet using the input parameters
described below. The total CO,equivalent
(CO,e) shown in the right-hand column of Table
2 is calculated as the sum of each greenhouse
gas after it has been multiplied by its global
warming potential. The global warming

Table 2. Upstream Emissions Factors (grams per
million Btu)®

ETHANOL(ESS) S VAWA} o) 13 41.0 -387
- 6,995 317 1.34 16,228
PROPANE 12,867 188 0.26 18,204
GASOLINE 16,010 18 3.95 20,368
- 10,985 324 1.40 20,429
DIESEL 18,727 18 0.31 22,104
FUELOIL 18,727 18 0.31 22,104
ELECTRICITY 182,897 317 2.84 192,523

Based on lower heating values (LHV).

potentials used in this analysis for CH, and N,O
reflect the most up-to-date values as reported
by the IPCC for a 100-year timescale: 28 for CH,
and 265 for N,O (IPCC 2013).

For each application evaluated in this
analysis, the total energy use (in million Btu)
was multiplied by the upstream emissions
factor for that energy source (in grams of CO,e
per million Btu). Accordingly, the upstream
emissions factor and the energy efficiency of
the end-use technology were both important
in determining the total upstream emissions
resulting from an application.

The GREET model is a convenient tool for
upstream emissions analysis in part because
it allows users to modify input parameters
to test hypotheses and answer specific
research questions. The values for each of
the three greenhouse gases shown in Table
2 are the output of the GREET model, run
under defined process parameters. These
parameters include the type, fractional
share, and efficiency of power plants used to
generate electricity; market shares of different
fuel formulations; fuel feedstock shares and
refining efficiencies; and fuel transportation
mode, distance, and mode share.

In order to reflect the most current market
landscape and to evaluate the use of standard
pressure natural gas as an application fuel,
the default values in the GREET model were
modified for several user-defined input
parameters. Specifically, the share of natural
gas feedstock used for propane production
was changed from a default value of 65% to
the present market share of 70% in North
America (ICF International 2013)”

Second, because the GREET model was
designed for transportation fuel analysis,
the only natural gas fuels listed in the

End-use emissions are based on the lower heating value, density, and weight ratio of carbon atoms per unit volume of each fuel provided in the

GREET model software. All carbon is assumed to be released as CO,.

’Based on most current industry data. Propane is produced from both natural gas and petroleum sources. The natural gas share of propane
supply has increased due to the expansion of shale gas, and ICF International currently represents more than 70% of total propane production.
The upstream emissions attributed to propane depend on the relative contribution of these two sources to overall propane supply. In the GREET
model, propane produced from crude oil refining has higher GHG emissions than propane produced from natural gas processing.
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model’s well-to-pump output table are
liquefied or compressed natural gas (LNG

or CNG). However, the scope of this analysis
includes standard pressure (i.e., pipeline
delivered) natural gas in several non-vehicle
applications. As a proxy for upstream
emissions of uncompressed natural gas, the
parameter value for natural gas compression
efficiency was set to 100%. All other input
parameters in GREET were left unchanged
from the model’s default values.

End-Use
Emissions
Analysis

For each technology and fuel combination
evaluated in this analysis, end-use emissions
were determined by calculating the CO,
emissions resulting from fuel combustion at
the point of technology end use.

First, an equivalent level of energy service
was chosen as a basis for comparison for
each application (e.g., 10,000 miles per

year for a light-duty truck). The estimated
energy efficiencies of each technology were
then used to calculate the total energy
required to provide the energy service to the
end user. Whenever possible, the highest
reported energy efficiency was selected for
each technology from published data. When
appropriate, systems losses (such as heat loss
through ducts in residential space heating)
were also included in the calculation of total
end-use energy consumption.

Many of the technologies evaluated in this
analysis are subject to well-defined and
regulated standards for energy efficiency.

Standards such as annual fuel utilization
efficiency (AFUE), energy factor (EF),

solar energy factor (SEF), heating season
performance factor (HSPF), coefficient of
performance (COP), and energy efficiency
rating (EER) were used to evaluate building
energy applications such as space heating, air
conditioning, and water heating.

Most of the vehicle applications examined

in this analysis include propane-fueled
technologies that have either recently
emerged on the market or are in sectors

not regulated by fuel efficiency standards.

As a result, it was not possible to obtain
standardized fuel efficiency values for many
of these new technologies, especially on a
basis that would allow a valid comparison to
conventional vehicles. However, the AFLEET
model developed by Argonne National
Laboratory (as a module of GREET) is designed
to help fleet managers assess alternative-
fuel vehicle options.? Because the model
uses fuel efficiency values that are specific
to each vehicle weight class and fuel type,
and because it is frequently updated with
data reflecting new advances in alternative
fuel technologies, it was deemed the most
appropriate source for comparing alternative
fuel vehicles in this analysis. As a result, the
default fuel efficiency values used by AFLEET
Tool 2013 (“Background Data” sheet) were
used to calculate vehicle fuel consumption
for all of the vehicle applications evaluated as
part of this study.

In many cases, the data sources used for
this analysis were specific to the application
under evaluation. Technology-specific data
was obtained from published test results,
vendor-supplied specifications, government
studies, and other sources. Please refer to
the Summary of Findings section for the

°AFLEET is a decision-making model developed by Argonne National Laboratory to help fleet managers evaluate the costs, benefits, and life-cycle
GHG impacts of their vehicle purchasing decisions. Source: https://greet.es.anl.gov/afleet
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assumptions and methodologies used for
individual applications. The List of References
includes a complete list of sources.

The fuel specifications used in the GREET
model were used to calculate both the
energy consumption and CO, emissions for
technology end-use. For applications in which
conversion from volumetric units (gallons or
cubic feet) was required, the default energy
contents in the GREET model (sheet “Fuel
Specs”) were used to convert volumetric fuel
consumption to total energy consumption in
mmBTU. Total end-use energy consumption
was then multiplied by the CO, emissions
factor for the fuel being used.

In addition to being the source for fuel energy
content, the GREET model was also used to
obtain CO, emissions factors. The CO, emissions
factors were calculated from the lower heating
value, density, and carbon content of the

°Based on lower heating values

fuel (also in sheet “Fuel Specs”). Although
combustion can produce other compounds
containing carbon (such as VOC, CO, and
particulates), these products are typically short-
lived and are oxidized to CO,. For the purposes
of this analysis, all of the carbon in each fuel is
assumed to be converted to CO, during end-
use,"and is shown in Table 3.

Table 3. CO, Released per Btu

FUEL TYPE

KG CO, PER MILLION BTU

PROPANE 68.06

ETHANOL (E85) 75.19
GASOLINE 76.71
DIESEL 78.20
FUEL OIL 85.08

"Although small amounts of CH, and N,0O are released during combustion of fuel during end use, this analysis does not quantify end use emis-
sions for these two gases. Emissions levels are specific to variable combustion conditions such as temperature, and there is insufficient data to
accurately estimate emissions of CH, and N,O for many of the different technologies in this report. However, since they are very small contributors
to end-use GHG emissions for most technologies, this is not expected to significantly influence the outcome of this analysis. For comparison, end-
use emissions in the GREET model show that CH, and N,O together represent 21% of upstream GHG emissions for a gasoline vehicle, but less than

1% of all end-use GHG emissions.

?End-use emissions are based on the lower heating value, density, and weight ratio of carbon atoms per unit volume of each fuel which were
provided in the GREET model software. All carbon is assumed to be released as CO,.
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Summary of Findings

This section presents a summary of this
study’s findings, organized by application
area. For each application area, the study
provides a brief description of the application
followed by two-page sections providing the
following information:

1. A brief description of the application,
including important technologies used to
meet the application’s needs

2. A data table that presents this study’s
results, including:

« The ma