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SUMMARY

This paper presents a detailed lifecycle analysis of emissions of
greenhouse gases and urban air pollutants from a number of alternative fuel
and feedstock combinations for highway vehicles, forklifts, and residential
and commercial heating. I find that among the major near-term energy
sources, natural gas and LPG have relatively low lifecycle emissions of
urban air pollutants, and relatively low lifecycle emissions of greenhouse
gases. Ultimately, using natural gas instead of oil as a primary resource
will reduce greenhouse-gas emissions if the lower carbon/GJ content of NG
is not offset by higher fuelcycle energy requirements or higher fuelcycle
emissions of methane. It is important to look beyond end-use emissions
and consider the entire lifecycle, because emissions from “upstream”
fuelcycle activities, and from the lifecycle of materials, can be significant
relative to end-use emissions. Findings for one sector, such as highway
vehicles, do not necessarily apply to other sectors, such as offroad engines
or residential heating, on account of differences in end-use energy efficiency
and emissions.

1 INTRODUCTION

For over a decade, policy makers in the U.S., Europe, Japan, and
elsewhere have been searching for clean alternatives to petroleum fuels,
which are a major source of greenhouse gases (GHGs) and urban air
pollutants. To properly evaluate these alternatives, one must consider the
environmental impacts of the entire lifecycle of the fuels. This paper
presents the results of a detailed lifecycle analysis of emissions of GHGs
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and urban air pollutants from a number of alternative fuel and feedstock
combinations for highway vehicles, forklifts, and household heating. This
comparative analysis focuses on natural gas and LPG because they are
perhaps the most immediately and widely available of the near-term
alternatives to petroleum, in all three end uses examined.

The first section describes the lifecycle model used in the analyses.
Subsequent sections describe the application of this model to each of the
three end uses: highway vehicles, forklifts, and home heating. The
“upstream” portions of the fuelcycle are substantially the same (or the
same) for all three end uses, but end-use emission factors and energy use
can differ substantially. Thus, each section on a particular end use
discusses the key end-use emissions and energy-use parameters, and presents
the main results of the analysis for the years 2000 and 2020 in the U.S.

2 THE LIFECYCLE ENERGY USE AND EMISSIONS MODEL

2.1 A Tool for Evaluating the Environmental Impact of Alternative
Fuels

The task of developing and evaluating strategies to reduce
emissions of urban air pollutants and GHGs is complicated. There are
many ways to produce and use energy, many sources of emissions in an
energy-production-and-use pathway, and several kinds of pollutants (or
GHGs) emitted at each source. An evaluation of strategies to reduce
emissions of GHGs must be broad, detailed, and systematic. It must
encompass the full “lifecycle” of a particular technology or policy, and
include all of the relevant pollutants and their effects. Towards this end, 1
have developed a detailed, comprehensive model of lifecycle emissions of
urban air pollutants and greenhouse-gases in the U.S. Although there are
other models of the lifecycle environmental impacts of alternative-fuel
vehicles (Maclean and Lave, 2000; Wang, 1999; Kreucher, 1998), there is to
my knowledge no model of comparable detail that estimates fuelcycle
emissions of a wide range of pollutants (including CO,-equivalent impacts
from all pollutants), from a comprehensive set of emissions sources, for a
wide range of alternative fuels, in several end-uses'.

The lifecycle emissions model (LEM) estimates emissions of GHGs
and urban air pollutants, and the use of energy, for the lifecycle of fuels
and vehicles for a variety of combinations of energy feedstocks, fuels, and
end-use technologies. In this model, the lifecycle comprises all activities
associated with developing and using fuels, vehicles, and electricity:
®  End use : the use of a finished fuel product, such as gasoline, electricity,

or heating oil, by consumers.
®  Dispensing of fuels : pumping of liquid fuels, and compression or
liquefaction of gaseous fuels.
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Fuel distribution : the transport of a finished fuel product to end users;
for example, the shipment of gasoline by truck to a service station.
Includes operation of bulk-service facilities.

Fuel production : the transformation of a primary resource, such as
crude oil or coal, to a finished fuel product or energy carrier, such as
gasoline or electricity. Includes a detailed model of emissions and
energy use at petroleum refineries.

Feedstock transport : the transport of a primary resource to a fuel
production facility; for example, the transport of crude oil from the
wellhead to a petroleum refinery. Includes a complete country-by-
country accounting of imports of crude oil and petroleum products by
country.

Feedstock production : the production of a primary resource, such as
crude oil, coal, or biomass. Based on primary survey data at energy-
mining and recovery operations, or survey or estimated data for
agricultural operations.

Assembly and transport of motor vehicles.

Materials : the complete lifecycle of raw and finished materials used in
motor vehicles.

Vehicle servicing : the operation of maintenance and repair facilities for
motor vehicles (not used in the comparison of alternative fuels, on the
assumption that associated emissions are the same for all fuels).

Secondary support infrastructure for transport modes : building,
servicing, and providing administrative support for transport and
distribution modes such as large crude-carrying tankers or unit coal
trains.

GHGs and criteria pollutants are emitted from:

the combustion of fuels that provide process energy (for example, the
burning of bunker fuel in the boiler of a super-tanker, or the
combustion of refinery gas in a petroleum refinery);

the evaporation or leakage of energy feedstocks and finished fuels (for
example, from the evaporation of hydrocarbons from gasoline storage
terminals);

the venting, leaking, or flaring of gas mixtures that contain GHGs (for
example, the venting of coalbed gas from coal mines);

chemical transformations that are not associated with burning process
fuels (for example, the curing of cement, which produces CO,, or the
denitrification of nitrogenous fertilizers, which produces N,O, or the
scrubbing of sulfur oxides (SO,) from the flue gas of coal-fired power
plants, which can produce CO,); and

changes in the carbon content of soils or biomass, or emissions of non-
CO, greenhouse from soils, due to changes in land use.
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The model estimates emissions of the following pollutants, with
CO,-equivalency factors (explained briefly below) shown in brackets:

carbon dioxide (CO,) [1.0] ;

methane (CH,) [20] ;

nitrous oxide (N,0) [355] ;

carbon monoxide (CO) [4.11;

nitrogen oxides (NO,) [-2.4] ;

nonmethane organic compounds (NMOCs),weighted by their ozone-
forming potential [~7] ;

sulfur dioxide (SO,) [-14] ;

particulate matter less than 10 microns diameter (PM,) [-5.2] ;
chlorofluorocarbons (CFC-12) [7435} ; and
hydrofluorocarbons (HFC-134a) [2000] .

Ozone (Q,) is not included in this list because it is not emitted
directly from any source in a fuelcycle, but rather is formed as a result of a
complex series of chemical reactions involving CO, NO,, and NMOCs.
Note that in the LEM, NMOC emissions are weighted by their relative
ozone-forming potential.

The LEM estimates emissions of each pollutant individually, and
also converts all of the pollutants into CO,-equivalent greenhouse-gas
emissions. The CO, equivalent of a pollutant other than CO, is equal to
the mass emission of the pollutant multiplied by its CO, equivalency factor.
The CO, equivalency factor for a pollutant is the mass emission of the
pollutant that has the same effect on global climate (or on some measure of
the impact of climate change) as has the emission of one mass unit of CO,.
The Intergovernmental Panel on Climate Change (IPCC, 1996a) estimates
CO,-equivalency factors called “Global Warming Potentials,” which
equilibrate emissions on the basis of degree-years of warming integrated
over some time period (e.g., 100 years). Other analysts, including
economists, estimate CO,-equivalency factors that equilibrate emissions on
the basis of the economic impact of the change in climate (Hammit et al.,
1996; Kandlikar, 1996; Tol, 1999). However, neither the IPCC nor the
other researchers have published comprehensive CO, equivalency factors for
NO,, SO,, and PM, and hence one must estimate the factors for these
pollutants by analyzing their specific impacts on global climate. The CO,-
equivalency factors used here are from Delucchi (2000a), who reviews and
analyzes the literature referenced above, and other sources, and makes
original, albeit crude, estimates of equivalency factors for NO,, SO,, and
PM.
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2.2 Major Outputs of the LEM

Emissions per km from the use of conventional and alternative
transportation fuels and vehicles, The LEM estimates CO,-equivalent
emissions per km from many combinations of end-use fuel, primary
feedstock, and motor-vehicle technology (Table 1). For baseline petroleum
fuels (gasoline and diesel fuel), the results are reported as grams of
individual gases or CO,-equivalent emissions from each stage of the

fuelcycle, 1 tle 1 Fuel, feedstock and vehicle combinations included in the

E‘?vtﬁ);f lifecycle emissions model

:,l;ii cle: v Fefdliﬂx’k Gasoline | Diesel | Methanol | Ethanol %% LPG| H, llrzilcei(t;;(
For the  perroleum LF | 1 ] B
?&‘e"imauve Coal LF B
vehicles Natural gas 1 I F 1 1 |LF| B
the results _Wood or grass LF | LF | 1 B
are Soybeans 1

reported Comn I

Ziams/km, Solar power 1, F B
and as a Nuclear power LF| B
percentage

change A letter in a cell indicales the type of vehicle that uses the corresponding fuel and fecdstock

e combination: [ = ICEVs (internal-combustion cngine vehicles), F = FCVs (fuckcell vehicles), B =
relative to  ppgy; (battery-powered clectric vehicles). Fuels: CNG = compressed natural gas; LNG =
the liquefied natural gas; H, = hydrogen.

petroleum-
fuel gram-per-km baseline. The LEM also estimates lifecycle emissions
from trains, ships, off-highway vehicles, and forklifts.

ission I ici fr -use h
The model calculates grams of individual gases and grams of CO,-
equivalent emission from the entire fuelcycle, per kWh of electricity
delivered to end users. It analyzes coal, residual fuel oil, natural gas
(boilers and turbines), methanol, nuclear, and hydro power plants,
individually or in any combination. The model also estimates lifecycle
emissions from the use of natural gas (NG), LPG, fuel oil, and clectricnty
for space heating and water heating, in grams CO,-equivalent cmisstons per
GJ (gigaJoule = 10° J) of heat delivered.

The model is documented in DeLuchi (1991, 1993), Delucchi (1997,
2000a), and Delucchi and Lipman (1997).

2.3 An Important Caveat

The LEM is a engineering systems model, not an economic model
For example, it does not account for the effect of price changes, brought
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about by a change in demand for propane as a heating fuel, on the world
market for propane. Changes in the markets for propane and propane
substitutes will of course lead to changes in emissions of air pollutants and
GHGs -- changes which might not be small compared to the “first” order
emissions from the “initial” change in the propane market®. Ideally, in
order to analyze the actual impacts of any specific alternative-fuel policy,
one would merge an economic/price model with an engineering systems
model. (My colleagues and I have started a project to investigate this.)

3 ANALYSIS OF HIGHWAY VEHICLES
3.1 The Environmental Challenges

Highway vehicles are a major source of urban air pollutants and
GHGs. In most of North America and Europe, and elsewhere, light-duty
gasoline vehicles are major sources of volatile organic compounds (VOCs),
nitrogen oxides (NO,), and toxic air pollutants, and the single largest source
of carbon monoxide (CO). Heavy-duty diesel vehicles are significant
sources of NO, and often sulfur oxides (SO,), and, in terms of personal
exposure, often a major source of particulate matter (PM) (EPA, 1997a;
World Health Organization [WHO], 1992; Delucchi and McCubbin, 1996).

These air-pollutant emissions from highway vehicles lead to serious
air quality problems. Urban areas throughout the world routinely violate
national ambient air quality standards and international air-quality
guidelines promulgated by the WHO, especially for ambient ozone and PM
(WHO, 1999; United Nations Environment Programme and WHO, 1988).
Clinical and epidemiological studies have associated ambient levels of PM,
O,, and other pollutants with human morbidity and mortality (WHO, 1999;
U.S. EPA, 1996a, 1996b; McCubbin and Delucchi, 1999). In response to
these apparently serious health effects, the U.S. Environmental Protection
Agency (EPA) has promulgated new ambient air quality standards for O,
and PM (EPA, 1998) and the WHO (1999) has determined that for PM
there is no threshold below which there are no adverse effects.

Motor vehicles also are a major source of carbon dioxide (CO,),
the most significant of the anthropogenic pollutants that can affect global
climate. In the U.S., the highway-fuel lifecycle contributes about 30% of all
CO, emitted from the use of fossil fuels (Table 2). In the OECD
(Organization for Economic Cooperation and Development), the highway-
fuel lifecycle contributes about one-quarter of all CO, emitted from the use
of fossil fuels (emissions in Europe generally are below the OECD-wide
average, and emissions in the U.S. above). Worldwide, the highway fuel-
lifecycle contributes less than 20% of total CO, emissions from the use of
fossil fuels, primarily because outside the OECD relatively few people own
and drive cars.
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Table 2 Contribution of highwary fuel to total carbon emissions

Co Y Fuel End-Use in Transport (EJ)' | Fossil Fuel Use in All Sectors (EJ)'
untry [ Gasoline Diesct  LPG| Coal Petroleum NG
U. S 1988 14.43 2.93 0.03 19.90 36.11 19.57
W. Germany | 1988 1.24 0.63 0.00 2.61 5.28 214
Norway 1988 0.08 0.03 0.00 0.03 0.39 0.06
Japan 1988 1.37 1.03 0.07 3.4 10.22 1.74
U.S. S R | 1987 331 0.14 0.00 14.44 20.12 22.09
Poland 1988 0.17 0.08 0.00 522 0.77 0.50
Indonesia 1988 0.18 0.20 0.00 0.14 1.16 0.53
India 1987 0.13 0.62 0.00 3.93 2.18 0.24
Mexico 1988 0.72 0.07 0.00 0.2 3.45 0.94
Argentina 1988 0.20 0.20 0.00 0.30 1.02 0.74
Nigeria 1987 0.17 0.05 0.00 0.03 0.46 0.15
A B C D E F G H
Total Carbon from Fuel Use by Transportation
Country | Year fossil C (Tg) % of Total Fossil Fuel C
(Te) End use®  Fuel cycle’ | End use' Fuel cycle’
U. S 1988 1,455 319.8 4333 22.0% 29.8%
W. Germany | 1988 195 345 459 17.7% 23.5%
Norway 1988 9 21 29 23.6% 31.6%
Japan 1988 29 458 60.2 15.4% 20.3%
U. S S R. | 1987 1,050 63.2 86.8 6.0% 8.3%
Poland 1988 154 46 6.1 3.0% 4.0%
Indonesia 1988 33 10 9.1 21.3% 21.8%
India 1987 144 13.9 17.5 9.7% 12.2%
Mexico 1988 83 14.5 19.8 17.4% 23.8%
Argentina 1988 37 13 9.6 19.8% 25.9%
Nigeria 1987 12 4.1 5.6 35. 7% 41.9%
A B 1 J K L M

Exaloules (= 10‘;11). Sce DeLuchi (1991) for data sources and methods. ,
Teragrams (= 10° g) of carbon denved from fossil fuel use are equal to kilograms (= 10" g) of carbon/G]
of fuel multiplied by EJ of fucl consumed (Columns F-H). 1 assumed worldwide values for carbon emission
factors of 138 kg of carbon/G) of NG, 25.3 kg of carbon/GJ of coal, and 18.9 kg of carbon/IGJ of petroleum,
© This represents the total for all road-transport fuels, which is the sum of the products obtained by
multiplying EJ of each road fucl consumed (Columas C-E) by kg of carbow/GJ for each road fuel (Tables C.1
and C.3 of DeLuchi, 1993).

The result from Column J, multiplied by the ratio of CO, cmissions from the whole fuel production and use
cycle (including vehicle manufacture) to CO, emissions from vehicles only. These ratios are 1.3801 for
gasoline (based on light-duty vehicles), 1231 for diesel fuel (based on fylcavy-duly vehicles), and 1.272:1
for LPG (calculated from DeLuchi’s [1991, 193] fifecycle emissions model).
; Column ] divided by Column I, multiplied by 100.
Column K divided by Column I, multiplied by 100.

F
b
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Many scientists now believe that an increase in the concentration of
CO, and other “greenhouse” gases, such as methane and nitrous oxide, will
increase the mean global temperature of the earth. In 1995, an
international team of scientists, working as the Intergovernmental Panel on
Climate Change (IPCC), concluded that “the balance of evidence suggests
that there is a discernible human influence on global climate” (IPCC, 1996a,
p- 5). In the long run, this global climate change might affect agriculture,
coastal developments, urban infrastructure, human health, and other aspects
of life on earth (IPCC, 1996b).

3.2 Interest in Alternative Transportation Fuels for Highway Vehicles

These local, regional, and global environmental concerns are
influencing international, national, and sub-national transportation policy.
Over the past decade, policy makers worldwide have become increasingly
interested in developing alternative fuels and vehicle technologies to reduce
emissions of urban air pollutants and GHGs from the transportation sector.
For example, in the U.S., the “Climate Change Action Plan” proposed by
President Clinton and Vice President Gore in 1993 calls on the “National
Economic Council, the Office on Environmental Policy, and the Office of
Science and Technology Policy to co-chair a process...to develop measures
to significantly reduce greenhouse gas emissions from personal motor
vehicles, including cars and light trucks” (Clinton and Gore, 1993, p. 30).
There are similar initiatives in Europe, Japan, and elsewhere. (See Sperling
and DeLuchi, 1993, for an evaluation of the air pollution and greenhouse
gas impacts of alternative fuels in the OECD.) The so-called “Kyoto
Protocol” commits the signatory nations to reduce greenhouse-gas emissions
by an average of 5% from the 1990 level between the years 2008 and 2012.

Alternative-fuel vehicles are a tiny but growing fraction of the U.S.
vehicle fleet. In 1999, there were 274,000 LPG (liquefied petroleum gases --
mainly propane) vehicles, 98,000 NG vehicles, 40,000 alcohol vehicles, and
6,400 electric vehicles in use in the United States (Energy Information
Administration [EIA], 2000), out of a total of more than 210 million
(Federal Highway Administration, 1999). Recently, General Motors
announced that it will produce two new dedicated LPG vehicles, a light-
duty pickup truck and a school bus. These are the first dedicated (that is,
single-fuel, as opposed to bi-fuel) LPG vehicles to be offered by a major
auto manufacturer (New Fuels and Vehicles Report, 2000).

3.3 Results of the Lifecycle Analysis: Urban Air Pollutants from
Highway Vehicles

Emissions tests of alternative-fuel light-duty and heavy-duty
vehicles show that, compared to gasoline and diesel fuel, some alternative
fuels can reduce vehicular emissions of PM, ozone precursors, and CO.
The results of these tests, reviewed in Delucchi (1997, 2000a), are the basis
of the LEM results summarized in Table 3. Table 3 shows g/km emissions
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from baseline light-duty gasoline and heavy-duty diesel vehicles, in the year
2000, and alternative-fuel vehicle emissions re/ative to the baseline
petroleum-vehicle emissions.

The relative emission factors of Table 3 indicate that CNG and
LPG vehicles can offer significant reductions in emissions of urban air
pollutants. Most beneficial are the reduction in PM emissions from heavy-

Table 3 In-use emissions from petroleum and alternative-fuel highway vehicles in
the U.S., year 2000

Emissions relative to conventional gasoline
RFG  Diescl MI60 NG H, E100 LPG
O,wid. NMOC' 0.88 70% 23% 34% % 3% 5% 2%

LDGY
Pollutant (e/km)

CH, exhaust 0.04 100% 50% 0%  1500%  34% 150%  100%
CO exhaust 8.20 80% 20% 60% 60% 10% 60% 60%
N20 exhaust 0.09 100% 25% 100% 7% 0% 100% 100%
NO, as NO, 0.86 85% 150% 90% 90% 90% 90% 90%
80, as SO, 0.06 82% 86% 30% 14% 26% 2% 21%
PM exhaust 0.03 100%  1000% 40% 20% 11% 40% 25%
CO, from fuel 204 101% 34% 88% ™% 2% 94% 91%
CO, equivalent’ 21 98% 67% 85% 8% 2% 90% 87%
Pollutant HDDV Emissions relative to low-sulfur diesel fuel

(g/km) FTD SD M100 NG H, E100 LPG
0,wid. NMOC 1.03 81% 18% 166%  186% 1% B%  252%
CH, exhaust 0.06 90% 30% 100%  3023%  10% 300%  100%
CO exhaust 10.96 65% 30% 130% 10% 2% 130% 10%
N20 exhaust 0.04 100% 100% 401% 302% 95% 400% 400%
NO, as NO, 19.53 9%  130% 50% 50% 50% 50% 50%
50, as S0, 0.29 28% 62% 2% 14% 26% 2% 21%
PM exhaust 0.79 76% 50% 20% % 5% 30% %
CO, from fuel 1015 9%%  114% 92% 93% % 97% 107%
Co, equivalent" 1030 95%  108%  101%  100% 1% 107% 12%

Source: the lifecycle emissions model documented in Delucchi (1997, 2000a). The conventional-gasoline vehicle
(model year 1995 in calendar year 2000) is assumed to have an in-use fuel consumption of 9.4 L/100-km (25 miles
per gallon [mpgl); the bascline low-sulfur heavy-duty diescl-fuel vehicle (model-year 199 in calendar year 2000) is
assumed to have an in-use fuel consumption of 39 L/100-km (6 mpg). LDGV "= light-duty gasoline vehicle;
HDDV = heavy-duty diesel vehicle. Per-km emission estimates are based on the EPA’s MOBILES model, but
with accounting for so-called “off-cycle” emissions.

RFG = scformulated gasoline; FTD = Fischer-Tropsch dicsel (diescl-ike fuel made from natural gas); SD = soy
diescl, M100 = 100% methanol, NG = natural gas; H, = hydrogen; E100 = 100% cthanol; LPG = fiquefied
ctroleum gas (95% propane, 5% butanc).

Equal to exhaust NMOC phis evaporative NMOC cmissions, weighted by their ozone-forming potential relative
to that of gasoline. Evaporalive emissions include resting-loss, running-loss, hot-soak, and diurnal emissions from
pmbicnt-temperature  liquid fuels; boil-off of cryogenic fuels, and leakage of gaseous fuels.

CO, phus the CO, cquivalent of non-CO, GHGs. Scc the text for a brief discussion.
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duty trucks, due mainly to the gaseous state and simple chemical structure
of LPG and CNG, and the reduction in the ozone-forming potential of
emissions from light-duty (spark-ignition) applications. These
environmental benefits might make LPG or CNG an attractive choice for
light and heavy-duty fleet vehicles, such as buses and taxis. Overall, the
urban air-quality benefits of LPG and CNG vehicles are greater than the
benefits of the alcohol-fueled vehicles

It is important also to consider emissions of urban air pollutants
from the “upstream” fuelcycle, from feedstock recovery through fuel
dispensing, and from the lifecycle of materials used to make motor vehicles
(Tables 4 and 5). Table 4 shows emissions of urban air pollutants and CO,-
equivalent GHGs, in grams emitted per GJ of fuel delivered to vehicles, for
the entire upstream fuelcycle. For perspective, part B of Table 4 expresses
upstream emissions of each pollutant as a percentage of vehicular emissions
of the pollutant. Table 5 shows emissions from the materials lifecycle and
vehicle assembly and transport, in the “natural” units of g-pollutant/kg-
vehicle, and also as a percentage of vehicular emissions.

These relative percentages are interesting in several respects. In all
cases but one, upstream fuelcycle emissions of CH,, SO,, and PM exceed
vehicular emissions, by a wide margin (the exception is upstream fuelcycle
PM emissions from diesel vehicles) (Table 4). The story is similar for
material and vehicle lifecycle emissions (Table 5). This is significant
because CH, is a potent greenhouse gas, and SO, and PM are the most
damaging of all urban pollutants, per kg emitted (Delucchi, 2000b). If
humans, materials, crops, and other “recipients” of pollutant damage were
as exposed to upstream-fuelcycle and materials-lifecycle emissions as to
vehicular emissions, then these emissions probably would be more
damaging (per km of travel) than would vehicular emissions. However, in
most places, people are much more exposed to vehicular emissions than to
emissions from, say, petroleum refineries or automobile plants, which
generally are not located in the center of metropolitan areas (Delucchi and
McCubbin, 1996). The remoteness of these sources greatly diminishes the
impact of their relatively high emissions of SO, and PM, with the result that
the health-damage cost per km of fuel-upstream and material-lifecycle
emissions is considerably less than the damage cost per km of vehicular
emissions (McCubbin and Delucchi, 1999).

Upstream and material-lifecycle emissions of CO and N,O are
relatively minor, except for the ethanol fuelcycles, which produce large
amounts of N,O from the use of fertilizers for the biofuel crops. Upstream
and material-lifecycle emissions of NO, and NMOCs generally are
significant fractions of vehicular emissions, and in some fuelcycles (e.g.,
ethanol) exceed vehicular emissions. Upstream CO,, NO,, and CO,-
equivalent emissions are large in those fuelcycles in which fuel production is
relatively energy intensive (ethanol, methanol, and hydrogen from natural
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Table 4 Pollutant emissions from the transportation-fuel lifecycle, from feedstock
production through fuel dispensing

A. Year 2000 (grams/GJ-fuel dispensed)

Fuel (in bold) and Feedstock (in italics)

Pollutant Ethamol LPG LPG LPG Diesel CNG RFG MeOH CH2 EtOH
cellilose NG oll@NG  off oil NG ol NG NG corn

Co, (1,592 4739 7,263 10,548 11,544 9,712 17400 33,101 80978 69,209
NMOCs 433 104 183 285 183 66 602 308 9.2 2281
CH, 943 112 1149 1197 1242 2969 1419 3682 3594  204.0
Cco 51 28 274 334 410 303 382 642 502 2005
N,O 23 0.1 0.3 04 0.7 03 05 1.1 1.3 $5.1
NO, 3508 463 519 590 607 765 728 1792 1532 4672
S0, 463 102 298 551 568 262 553 446 952 2002
PM s 26 100 198 211 46 211 133 119 2657
CO2q 7,756 6,883 9241 12309 13,449 15344 19,728 40,142 87,107 89,424

B. Year 2000 (emissions relative to end-use vehicular emissions)’

Fuel (in bold) and Feedstock (in italics)
Pollutant Etbanol LPG LPG LPG Diescl CNG RFG McOH CH2 EtOH
cellulose NG oll@NG ol ol NG ol NG NG  corn
co, 3% 8% 13% 1% 1% 2% 28% 5%  T009% 113%
NMOCs 2% 1% 3% 4% 2% 3% 3% 2%  101% 138%
CH, 543% 1006% 1040% 1084% 1767% 181% 1282% S5123% 8654% 1227%
Co 1% 2% 2% % 6% 2% 2% % 1% 12%
N,0 8% 1% 1% 1% 8% 1% %, 4% - 197%
NO, 143% 2% 2% 2% 1% 3% 3% % 60%  191%
S0, 835% 263% 761% 1410% 282% 1026% 368%  S544%  1793% 2885%
PM 1679% 101% 397% 781%  16%  225% 208%  229%  954% 5214%
C02eq 0% % 13% 1% 1% 2% 24% 54%  5030% 114%

gas). My findings with regards to “upstream” fuelcycle emissions (Table
4) are broadly similar to those of Wang (1999) and, to a lesser extent, those
of Kreucher (1998), and my findings with regards to emissions from the
lifecycle of materials used in vehicles (Table 5) appear consistent with the
lifecycle energy-use findings of Maclean and Lave (1998). My estimates of
g/km emissions of PM, SO,, NO,, and CO, from the materials lifecycle
(Table 5) are similar to those from a detailed, industry-sponsored lifecycle
analysis of a generic U.S. family sedan (Sullivan et al., 1998).

3.4 Results of the Lifecycle Analysis: GHG Emissions from Highway
Vehicles

Table 6 shows the results of the greenhouse-gas lifecycle emissions
analysis for the years 2000 and 2020. On the basis of this analysis, we can
conclude that LPG, CNG, LNG, and hydrogen made from NG will
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Table 4 (Coat’d)
C. Year 2020 (grams/GJ-fuel dispensed)

Fuel (in bold) and Feedstock (in italics)
Ethanol LPG LPG LPG Discd CNG RFG McOH CH2 EiOH

cellulose NG ofléNG ol oil NG _ of NG NG comn
Co, (10880) 4577 6976 10,09 11,253 9,468 16,550 25953 71,497 63,209

NMOCs 224 59 10.4 162 113 55 294 25 15 2132
CH, 353 939 90.9 870 903 2432 1056 2866 287.8 1563
Co 1341 217 263 21 32 96 369 M1 413 1718
N0 148 01 0.3 04 0.7 0.3 04 Lo 13 417
NO, 165.5 210 317 376 392 450 456 1179 %38 3273
SO, @9 715 25 21 49 167 382 359 513 6L3
PM 28 13 12 148 159 26 151 39 6.1 252

CO2q (4671) 6444 8602 11411 12,695 1423 18,356 31,586 82,873 83,03

Pollutant

Source: the lifecycle emissions model documented in Delucchi (1997, 2000a).

Fuel = fuel used by vehicles; feed = feedstock used to make fuel; 1pG = Bquefied petroleum gases; CNG =
compressed natural gas; RFG = reformulated gasoling; MeOH = methanof; EtOH = cthanol; Cl-l.ﬁl= compressed
hydrogen; celllose = a mixture of wood and grass; CO2q, = CO equivaicnl emissions (CO, + the CO,-
cquivalensth imp)act of all of the other gases listed in the tablk plus the impact of HFC-134a and CFC-12, which
arc not shown),

* Equal to g/GJ (part A of this table) multiplicd by the Gl/km fuel consumption of the vehicle, divided by end
use vehicular emissions. The fuel consumption is cstimated on the basis of a 9.4 L/100-km (25 mpgz) oline
vehicle. The CO, “csedit” for carbon fixation by biomass used to make biofuels (cthanol, in this table) is not
included in the vehicular emissions portion of the calculated percentages.

Table 5 Emissions from the manufacture and assembly of materials and vehicles,
year 2000, U.S.

e Emissions (g/kg)" Emissions (gkm)  Emissions (% of end-use)’
LDGVs HDDVs LDGVs HDDVs _ LDGVs HDDVs

Co, 7,151 6,381 45 65 2% %

NMOCs 0.95 0.82 0.01 0.01 1% 1%
CH, 18.79 15.83 0.12 0.16 3% 257%
co 6.20 5.51 0.04 0.06 0% 1%
N0 0.20 0.20 0.00 0.00 1% %
NO, 24.63 22.84 0.16 023 18% 1%
o) 25.18 23.84 0.16 0.4 266% 85%
PM nn 147 0.17 0.28 519% 3%

C0,q. 7,011 6,253 45 63 16% %

Source: the LEM documented in Delucchi (1997, 2000a). LDGV = light-duty gasoline vehicl; HDDV = heavy-duty
line vehicle; CO,-¢q. = CO,¢quivalent emissions (CO, + phus the CO, -equvalent of non-CO, GHGs).

Emissions from the complete lifecycle of materials used in LDGVs and HDDVs, and from vehicle assembly and

port, as estimated by the LEM (grams-polfutant/kg-vehick).

Equal to g/kg emissions multiplied by the calculated weight of the vehicle, and divided by its assumed average lifetime
mileage. The weight of the vehicle is a fanction of the fuel cconomy, which is assumed to be 9.4 1/100-km (25 mpg)
for the LDGV, and 39 L/100-km (6 mpg) for the HDDV.

° Equal to g/mi cmissions from materials+assembly+transport, divided by end-use emissions from the LDGV and
HDDV (Table 3).
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provide slight-to-moderate reductions in GHG emissions when used in
light—duty vehicles. Alcohol (methanol and ethanol) and electricity (in
battery EVs) provide less of a benefit. Wang (1999) reaches broadly similar
conclusions, except that he estimates greater benefits for EVs and corn
ethanol.

Table 6 Projected changes in fuelcycle CO,-equivalent GHG emissions, relative
to gasoline in light-duty vehicles

A. Year 2000
Lifecycle emissions
Fuel type fuel only'  fucl+vehicle’
Baseline: Conventional gasoline (CO2-equivalent g/km) Ji70 7882
Reformulated gasoline -1.6% -1.4%
Low-sulfur diesel fuel -35.2% -32.1%
Methanol (M85) made from natural gas 4.5% 3.9%
Compressed natural gas -22.0% -18.7%
Compressed hydrogen made from NG 2L1% -11.8%
LPG made from natural gas 2.4% -19.4%
LPG made from 57% natural gas and 43% crude oil -20.1% -17.4%
Ethanol (E90) from corn (NG and coal fuel input) -3.8% 2%
Ethanol (E90) made from 50% wood, 50% grass -69.3% -60.1%
EVs (electricity mix: 64% coal, 20% oil, 15% NG) 12.4% -1.4%
B. Year 2020
Lifecycle emissions
Fuel type fuel only’  fuel+vehicle’
Bascline: Conventional gasoline(COZ-equivalent g/km) 279 39.7
Reformulated gasoline -1.0% 0.9%
Low-sulfur diesel fuel 33.2% -30.6%
Methanol (M85) made from natural gas -3.6% 3.1%
Compressed natural gas -26.5% 23.3%
Compressed hydrogen made from NG -21.5% 2B.%
LPG made from natural gas -25.2% 2.1%
LPG made from 57% natural gas and 43% crude oil  -23.2% -20.4%
Ethanol (E90) from corn (NG input) -15.8% -13.8%
Ethanol (E90) made from com (NG and coal input) -11.0% 9.6%
Ethanol (E90) made from 50% wood, 50% grass -80.7% -70.6%
EVs (gencrated from 64% coal, 20% oil, 15% NG) 23.T% 21.0%

Source: the LEM documented Delucchi (1997, 2000a). The bascline gasoline vehicle has a fuel
consumption of 9.4 L/100km (25 mpg).
* The hfecycle of the fuels, as outlined in the text.
Inclides CO,-cquivalent from the lifecycle of materials for vehicks, and from vehicle
assembly and transporl, in addition to the lifecycle of fucls.
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In heavy-duty vehicular applications (results not shown here), CNG
and LNG cause a 5-10% increase in emissions of GHGs (compared with
diesel fuel), primarily because of the much lower thermal efficiency of NG
HDVs (compared with diesel HDVs) and the lower energy requirements of
diesel production (compared with gasoline production). On the other hand,
the use of LPG in HDVs actually decreases greenhouse-gas emissions
(compared with diesel fuel).

Ultimately, using natural gas instead of oil as a primary resource
will reduce greenhouse-gas emissions if the lower carbon/GJ content of NG
(about 13.8 kg-C/GJ vs. about 18.5 for gasoline or diesel [higher heating
values]) is not offset by higher fuelcycle energy requirements or higher
fuelcycle emissions of methane.

There is, naturally, a good deal of technical uncertainty in the
analysis. Lifecycle CO,-equivalent emissions from LPG and CNG vehicles
can range from at least 30% less than those from gasoline vehicles, to about
the same as those for gasoline vehicles, depending on the thermal efficiency
of the NG engine relative to the gasoline engine, the magnitude of tailpipe
CH, emissions, the CO,-equivalency factor for CH,, the amount of energy
required to produce LPG, the source of LPG (refineries emit more GHGs
than do NGL plants), the rate of loss of CH, from the NG system, and
other factors. LPG is comparable to CNG, in spite of its higher carbon/GJ
content, because of its lower fuelcycle emissions of CH,, and lower fuelcycle
energy requirements. Also, LPG tanks are lighter than CNG tanks and
hence take less energy to make and are less of a drag on fuel economy.

4 ANALYSIS OF FORKLIFTS
4.1 Background

There are about half a million industrial forklifts in the U.S. About
80% of them use LPG; the rest use gasoline or diesel fuel (Stout, 1999a;
Federal Register, 1999). In the category of “large spark-ignition nonroad
mobile engines,” forklifts appear to be the major source of emissions
(Delucchi, 2000c). Because forklifts often operate indoors, where worker
exposure to pollution is regulated by the Occupational Safety and Health
Administration, emission levels, particularly of carbon monoxide (CO), are
an important criterion in the choice between gasoline, diesel, LPG. CNG,
and battery-electric forklifts. More recent concerns with the impacts of fuel
choices on global climate have made emissions of GHGs another nnportant
criterion in the choice of fuel

This section presents a total fuelcycle analysis of emissions of wir
pollutants and GHGs from LPG, CNG, gasoline, diesel, and battery -
powered forklifts. Because I lack data on the weight and matenal
composition of forklifts, I do not estimate emissions associated with the
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assembly of forklifts or with the lifecycle of materials used to make
forklifts.

4.2 Applying the LEM to Forklifts

In the LEM, the upstream fuelcycle for forklift fuels -- that is,
every stage or activity except vehicle end use and manufacture -- is the same
as the upstream fuelcycle for transportation fuels. Of course, the energy use
and emissions of forklifts are different from the energy use and emissions of
highway vehicles. I estimate forklift emission factors, in grams of pollutant
per horse-power-hour of brake work (g/bhp-hr), and, in order to convert
the upstream emission factors from grams/GJ-fuel to grams/bhp-hr-work,
estimate the thermal efficiency of forklift engines.

The EPA has developed a national nonroad emissions model,
“NONROAD,” which predicts emissions of urban air pollutants for five
general fuel categories: diesel (2-stroke and 4-stroke combined), gasoline 2-
stroke, gasoline 4-stroke, CNG (2-stroke and 4-stroke combined), and LPG

Table 7 In-use emission factors and fuel consumption for forklifts

Fuel Model Thermal Emission factors (g/brake-kWh)"
year' ofic'’ CH, Eth Ewmp CO NO PM NO
diesel pre-1988' 0.268 0.08 235 ~ 813 1877 215 0.030

1988-1997 0.268 0.11 2.80 ~0 1081 1147 197 0030
1998-2003 (1] 0.274 0.08 1.97 <~ 310 953 197 0030
2004-2007 (2] 0.280 0.07 L1 <~ 310 719 040 0.030
2008+ (3] 0.285 0.05 0.54 S 310 456 013 0030

gasoline pre-2002 0.254 0.40 1341 439 315 805 013 0032
2002+ 0.267 0.09 1.34 066 54 268 007 0118
LPG pre-2002 0.254 0.40 4.02 01% 8 1609 003 0.022
2002+ 0.280 0.09 0.67 01% 32 241 002 0.118
CNG pre-2002 0.254 4.02 201 01% 8 1609 003 0032
2002+ 0.280 1.14 0.34 01% 32 241 001 0089

Source: see the brief discussion in the text here, and, for details, scc Dehicchi (2000c). Shaded rows indicate the
emission factors used in the two model runs here. SO, cmission factors arc nol shown because they arc calculated
on the basis of the sulfur content o the fucl. Exh. = exhaust NMOC emissions; Evap. = evaporatve NMOC
cmissions.

The numbers in brackets refer to the cmissions-level *Tier” in the EPA standards (EPA, 199t Federal
Bcg'ulcr, 1998).

The thermal efficiency of the engine (the ratio of kWh of brake-work to kWh of fuel nput |hugher heatmg
value]). I calculate the efficiency of pre-1988 dicsel forklifts from data in Beardsley and Lmdhem (19%% and the
efficiency of pre-2002 gasoline forkhifts from data in EPA (1991). Then, [ assume that the ¢aaency of duesel
forklifts increases 2% at each Tier, and that post-2002 gasoline engines are 5% more cffiaent than pre 202
engines. On the basis of data on automotive cngines, I assume that pre-2002 LPG and (NG forkbit enpnes have
the same cfficiency as their gasoline counterparts, but that post-2002 LPG and CNG forkbfi engines are 3« more
efficient than their gasoline counterparts.
¢ Exctpt cvaporative emissions for CNG and LPG, given in % loss.
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(2-stroke and 4-stroke combined) (Lindhjem, 1998; Pollack and Lindhjem,
1997). 1 base my emission factors (shown in Table 7) partly on the
estimates from NONROAD, partly on recently promulgated or anticipated
emissions standards for forklifts (EPA, 1999b, 1997b; Federal Register,
1999, 1998; Stout, 1999b), partly on other EPA emissions data (EPA, 1991),
and partly on emissions data from CNG and LPG highway vehicles
(Delucchi, 2000a, 2000c).

4.3 Energy Use of Forklifts

Emissions of criteria pollutants and GHGs should be estimated per
unit of service provided, so that alternative fuels and technologies can be
compared holding the major “benefit” -- the service provided -- constant.

In the case of highway vehicles, the service is km of travel, and hence the
ultimate emission measure of interest is grams emitted per km of travel.
Unfortunately, the case of forklifts is more complicated, because forklift
engines provide two different services: lifting other things (measured, say, in
feet of lift) and propelling themselves (measured, say in km of travel).

The problem, ultimately, is that inherent differences in the weight
of forklifts, due to differences in fuel storage and drivetrain systems, affect
the self-propelling service, but not the lifting service. (CNG and battery
forklifts need extra energy to move themselves, because of their heavy
tanks, but not to lift things.) I use my judgment to combine the lifting and
the moving service in an integrated measure: I assume that about 1/3 of the
engine output of a forklift goes to lifting, and 2/3 goes to propelling the
forklift, and calculated a weighted engine output accordingly.

Electric forklifts, The energy use of the electric forklift is
calculated as the product of the energy consumption of the gasoline forklift
and the ratio of the efficiency of the gasoline driveline to the efficiency of
the electric driveline. I assume that the electric driveline does not have
regenerative braking. The resultant gasoline/EV efficiency ratio is in the
range of 20-25%. (See Delucchi [1999] for analyses of electric drivetrains in
automobiles.)

4.4 Results of the Evaluation: Indoor and Urban Air Pollutants and
GHGs from Forklifts

I analyze 1997 model-year forklifts in calendar-year 2000, and 2017
model-year forklifts in calendar-year 2020. (Forklifts have a life of 6-7
years [Lindhjem and Beardsley, 1998; Stout, 1999a], and hence will be at the
midpoint of their life in the calendar years of this analysis.) The 1997 model
year generally is not be subject to stringent controls, whereas the 2017
model year will be (EPA, 1997b; Federal Register, 1998, 1999). As we shall
see, this difference actually affects CO,-equivalent GHG emissions
significantly.
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As indicated by the emission factors of Table 7, CNG and LPG
forklifts can offer significant reductions in emissions of indoor and urban
air pollutants. Most beneficial are the reduction in PM emissions compared
to diesel, due mainly to the gaseous state and simple chemical structure of
LPG fuel, and the reduction in the CO emissions compared to gasoline.

Emissions of urban air pollutants from the upstream stages of the

transportation-  Table 8 Fuelcycle CO,-equivalent GHG emissions from
fuel lifecycle are forklifts

the same as in A. Calendar vear 2000 (model year 1997)

the analysis for

highway Forklift fuel g/f]?ﬁ‘i' z‘;,cgféﬁf
vehicles, and are el fucl 1,067 »
discussed in that Gasoline 2200 106%°
:ﬁ%“‘:;‘ ila]“fli.ab]e LPG (9% propane) from 57% NGLs and 43% LRGs 976 P
4 LPG (95%) from 100% NGLs 943 -12%

le 8 LPG (95%) from 100% LRGs 1,019 -5%
sHES cl"ll; ?1bg:s Comp‘re.ssed natural gas | 1,014 -%
in fuelcycle Electricity (generated from 55% coal, 13% NG, 3% oil) 646 -3%
CO,-equivalent Electricity (generated from 100% natural gas) 629 -41%
GHG emissions  Electricity (generated from 100% fuel oil) 890 1%
when using Electricity (generated from 100% coal) 974 9%
gasoline, CNG,
LPG, and B. Calendar vear 2020 (model year 2017)

0,

Egrtrtl;r:r e;zioz)er, Forklift fucl FCOise, 7 change
using diese] fue], Diesel fuel 1,033 -
in forklifts. In  Gasoline 1,285 24%
the near-term LPG (95% propane) from 57% NGLs and 43% LRGs 894 -13%
(year 2000, LPG (95%) from 100% NGLs 869 -16%
model-year LPG (95%) from 100% LRGs 929 -10%
1997) analysis, Compressed natural gas 878 -15%
emissions of Electricity (generated from 55% coal, 13% NG, 3% oil) 656 3%
regﬁllated h Electricity (generated from 100% natural gas) 453 -56%
o C“(t)ams’ SUCR " Blectricity (generated from 100% fuel o) 852 18%
contril;ute Electricity (generated from 100% coal) 1,004 -3%

significantly to g, . ey documented in DeLuchi (1991,1993) and Delucchi (1997, 2000a). NGLs
CO,-equivalent = natural gas liquids; LRG = liquefied refinery gass; NG = natural gas; C0,¢q. = CO,
fuelcycle cquivalent. i »

P Grams of CO,-cquivalent cmissions per brake-kWh of output. Here, the brake-kWh
emissions. output is adjus(cﬁ for the effect of weight on energy consumption, as discussed in the text.
Indeed, the very {The cmission factors of Table 7 arc not adjusted) g
high CO This is not a typographical crror. The extremely high CO emissions (sce Table 7),

A £ multiplied by the CO,-equivalency factor for CO, result in a doubling of fuclcycle emissions
emissions from gasoline compared to diesel.
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unregulated gasoline forklifts (see Table 7) have a greater CO,-equivalent
impact than emissions of CO, itself! Put another way, the EPA emission
factors used here imply that most of the fuel used by gasoline forklifts is
only partially burned®, with the result that most of the fuel carbon ends up
as CO, not CO,. This seems a bit implausible, but such are the EPA
emission factors.

As a result, for the year 2000, CNG and LPG, which have lower
emissions of criteria pollutants than does gasoline, have much lower
fuelcycle CO,-equivalent emissions than does gasoline. However, they have
slightly higher emissions than does diesel, on account of the greater
efficiency and lower criteria pollutant emissions of diesel engines in the year
2000. Battery-powered forklifts, with their highly efficient electric
drivetrains, have the lowest fuelcycle emissions of all.

For the longer-term scenario (calendar year 2020, model-year 2017),
the picture changes somewhat, because criteria pollutants from spark-
ignition engines are greatly reduced by controls assumed to be introduced
with the 2002 model year. These controls, combined with assumed
efficiency increases, actually bring fuelcycle CO,-equivalent emissions from
CNG and LPG forklifts to below those from diesel forklifts (Table 8).
Battery-powered forklifts realize an even greater benefit, on account of
increased drivetrain efficiency, and the assumed shifting of the electricity
generation mix towards natural gas.

S ANALYSIS OF SPACE HEATING AND WATER HEATING
5.1 Background

In the U.S., households and commercial buildings account for
about 36% of total energy end-use, and 36% of total fossil-fuel CO,
emissions (EIA, 1998a; EPA, 1999a). Space heating and water heating
alone account for 10-15% of total energy end-use and fossil-fuel CO,
emissions.

Table 9 disaggregates total residential and commercial energy
consumption by end-use and energy source. Most households and buildings
heat with natural gas, but a significant number use fuel oil, electricity, and
even propane. As we shall see, there are large differences in fuelcycle CO,-
equivalent emissions among these energy sources, and as a result, changes
in the energy mix for space heating and water heating can have an
appreciable effect on emissions of greenhouse gases.

Although households and commercial buildings are major
consumers of energy, they are comparatively minor sources of urban air
pollutants: they account for only about 5% of NO, and SO, emissions, and
less than 1% of PM, CO, and VOC emissions (EPA, 1997a). This
discrepancy between energy use and emissions of urban air pollutants is
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attributable to the relatively low g/GJ emission factors for residential and
commercial fuel combustion (Table 10).

5.2 Applying the LEM to Space Heating and Water Heating

In this section, I apply the LEM to estimate lifecycle emissions
from LPG, natural gas, fuel oil, and electricity for space heating and water

heating. Table 9 Distribution of energy used by households
The LEM has and commercial buildings

separate lifecycles for A. Households, 1997

heating fuels. In the

model, the “upstream” End use NG clectricity fuel il LPG  Tora/

lifecycle of a fuel used for “acepeating  353%  39% 8% 25% S0.6%

;lzzﬁfnhei";‘?ﬁg ::Jiew:;e&:e water heating ~ 126%  38%  1.6% 08% 18.8%
g air conditioning  0.0%  4.1%  0.0% 0.0% 41%

upstream lifecycle of the )
same kind of fuel used in  refrigerators 0.0%  45% 0.0% 0.0% 4.5%

transportation, except for  lights, appliances 3.6%  183%  0.0% 02% 221%
obvious differences in fuel 7o/ SLS%  346%  104% 3.5% 100.0%
distribution and

dispensing. For example,

the upstream NG-to- B. Commercial Buildings, 1995
heating fuelcycle is the —
same as the upstream Enduss NG clectricity f:i‘il d'h’::l“ Total

NG-to-CNG fuelcycle, -
except that in the former  SPace heating 20.5%  21% 26% 68% 32.0%

there is no final high- water heating 9.8% 09% 13% 33% 15.2%
pressure compression air conditioning  0.2%  64%  0.0% 0.0% 6.6%
stage. Generally, I refrigerators 0.0%  34% 0.0% 00% 3.4%
assume that the lights, appliances 6.1%  362% 0.5% 0.0% 42.7%

distribution of LPG or
fuel oil to residential or
commercial users is the e BIA (1999, 19984). Eketriciy is onsite consumplion. Commercia
same as the distribution of buildings probably consumed an additional 0. EJ of LPG (EIA, 1998a).
LPG or diesel fuel to

motor-vehicle service stations. I also assume that the refinery processes that
produce No. 2 distillate fuel oil for heating are the same as those that
produce No. 2 distillate diesel fuel for highway trucks.

The EPA (1990, 1995) provides emission factors for residential and
commercial fuel combustion, for most pollutants. Table 10 shows the
emission factors assumed in this analysis. I assume that the emission
factors, which nominally are for space heating, apply to water heating as
well.

Total 36.6%  49.0% 44% 10.0% 100.0%
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5.3 Energy Efficiency of Residential and Commercial Fuel
Combustion

As mentioned above, emissions of criteria pollutants and GHGs
should be estimated per unit of service provided, so that fuels and
technologies can be compared holding at least the major “benefit” -- the
service provided -- constant. o =
In the case of space heating ':na;le'lo Emission factors assumed in this

g ysis (G/GJ)
and water heating, the

service is useful heat: heat  Pollutant Natural gas LPG Fuel oil
transferred from the heater

. er cH, 11 16 5.6
to the air or surface. This
. e NO 09 09 0.9
is calculated by dividing an
intermediate result, grams  1otal NMOGs 22 24 22
per GJ of fuel or electricity, €0 82 9.2 155
by the thermal efficiency of NO, (NO) 411 353 55.8
the heat source. The 50 sulfur content sulfur content sulfur content

thex;mg] gﬂt:lciecrllcy, tdhiscusts.ed PM 0.5 06 1.9
next, is defined as the ratio

4 : PM 0.5 0.6 1.0
GJ of useful heat provided p 5 05 06 08
to GJ of fuel or electrical T2z : : :

energy input to the heating gy NMOC, €O, and NO, estimates are from EPA (1990). CH,

device. cstimales are based on EPA's Compibtion of Air Pollutant
The th 1 Emisgon Factors, widely known as AP-42 (EPA, 1995). NO estimates
- ¢ therma based on Delucchi and Lipman {1997). SO, estimated on the basis of
efficiency has two the sulfur content of the fuel (EIA, 1998b, 1998c; Delucchi, 2000c).

components: the efficiency PM estimates based on AP-42 (EPA, 1995), and my judgment. Sec

2 : Delucchi (2000c) for details. The IPCC (1997) adopls emission faclors
of ] of chemical from AP-42 (EPA, 1995) and from a 1990 report by Radian
or electrical energy to heat,  Comoration.

and the efficiency of heat

transfer to the air or surface. As regards conversion, fuel combustion and
resistance heating are essentially 100% efficient, unless, in the case of fuel
combustion, the burner is operating poorly or with insufficient air.

There is significant variability in the transfer efficiency. For electric
heaters, which radiate directly into the space or onto the surface of interest,
the transfer efficiency is close to 100%. However, for fuel burners, the
transfer efficiency can vary from 60% to close to 100%, depending on how
much heat and vapor is lost in combustion gases. Units that vent directly
to the atmosphere, without dampers, are 60-70% efficient; units with
dampers are about 80% efficient. Condensing or recuperative units, which
capture most of the water vapor and heat that would normally be vented,
are up to 97% efficient. Under U.S. federal law, all gas furnaces
manufactured after January 1, 1992, must have a thermal efficiency of at
least 78% (California Energy Commission, 2000).
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I assume that electric heaters have a thermal efficiency of 100%,
and that NG, fuel oil, and LPG heaters have an efficiency of 85%.

5.4 Results of the Analyses: Urban Air Pollutants and GHGs from
Heating Fuels

Table 10 shows emission factors for residential and commercial fuel
combustion. As one would expect, fuel oil generally is the most polluting
fuel, with comparatively high emissions of the most damaging pollutants:
NO,, SO,, and PM. What is most interesting in the case of heating fuels is
the comparison of end-use with upstream emissions of urban air pollutants.
Given that upstream emissions for heating fuels are similar to those for
transportation fuels (Table 4), we see that upstream fuelcycle activities emit
more of all pollutants -- including CO, NO,, and NMOC:s -- than does
heating end use. This dominance of the upstream activities is more
pronounced here than in the case of transportation fuels, because low-
temperature external combustion for heating is much cleaner than high-
temperature internal combustion in engines (a point discussed more below).
On the other hand, personal exposure to emissions from residential and
commercial fuel combustion undoubtedly is greater than exposure to
emissions from motor vehicles. In any event, switching from fuel oil to NG
or LPG will improve urban and indoor air quality.

Table 11 shows the total fuelcycle CO,-equivalent emissions
estimated by the LEM for 2000 and 2020. Natural gas has the lowest
fuelcycle emissions. LPG has the next lowest, followed by fuel oil, and then
electricity from various sources. The differences between the estimates for
2000 and the estimates for 2020 are not important.

There are two significant differences between the fuelcycle CO,-
equivalent results estimated here for space heating and water heating, and
the results estimated for the use of transportation fuels.

First, in the case of space heating and water heating, natural gas
has somewhat lower emissions than LPG, whereas in the transportation
case, LPG and CNG are about the same. This difference is due mainly to
end-use emissions of methane: natural gas vehicles have relatively high
emissions of CH,, but natural gas heaters have very low emissions. For
example, in the case of transportation, end-use emissions of CH, from CNG
vehicles are, by themselves, more than 10% of total fuelcycle CO,-equivalent
emissions, and also 10 times higher than CH, emissions from LPG vehicles.
However, in the case of space heaters, CH, emissions from natural gas are
less than 0.1% of total fuelcycle emissions. Moreover, CH, emissions from
natural gas heaters are, according to the EPA emission factors, slightly Jess
than CH, emissions from LPG (Table 10)*. Another, less important factor
is that in the case of transportation, there are significant emissions
assoclated with compressing the natural gas at the end of the pipeline,
whereas in the case of heating with NG there is not.
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The second  Table 11 Fuelcycle CO,-equivalent emissions for space
significant difference ~and water heating
between the heating A year 2000

results and the Fucl (Feedstock) gGI' % ch. vs. NG'

transportation results

is the poor showing Natural gs 72,98 -

N ot LPG (57% NGLs, 43% LRGs)' 85,807 11%
source of heat. In LPG (100% NGLs) 82915 8%
this analysis, LPG (100% LRGs) 89,615 16%
electricity has Fuel oil (crude oil) 99,202 %

fuelcycle emissions  Ejecyrity (from 5% coal, 13% NG, ¥ oil )’ 203280  164%

two to four times - .
higher than those for Electricity (generated from 100% natural gas) 197,828 157%

NG, LPG, or fuel Electricity (generated from 100% fuel oil) 219,770 263%

oil, whereas in the Electricity (generated from 100% coal) 306,095 298%
case of
g::t?i): ?:lggll;; have B Yoar 20

"R b
i T Fuel (Feedstock) g/GY % ch. vs. NG
fuelcycle emissions Natural gas 71,806 r
than do gasoline, and LPG (57% NGLs, 43% LRGsy 85,067 12%
onl_y §]ight]y higher LPG (100% NGLs) 82,420 %
emissions than do LPG (100% LRGs) 88,553 1%
d“;f,e]]: CN%, or LPG  Fy oil (crude oil) 100,861 3%
VEQIEICSE o 5|15 Electricity (from 55% coal, 13% NG, 3% oil }* 201,519 166%
attributable to a .
dramatic difference Electricity (generated from 100% natural gas) 139,365 84%
i s i Electricity (generated from 100% fuel oil) 261,909 246%
in end-use efficiency.
The electric vehicle is  Electricity (generated from 100% coal) 308,752 308%
roughly four times
mOI‘ge e)f,'ﬁcient at NGLs = natural gas quuies; LRGs = Ioiqucﬁcd refinery gases; LPG = liquefied

" troleum gas (assume 95% propane, 5% butanc).

c;’nve_rt‘mg? GJ (;]f Grams of CO,-cquivalent emissions over the entire fuelcycle, per GJ of useful
electricity (from the cal provided.
wall) intz 21 km of L]'l'hc percentage change in g/Gl-usefulheat, relative to natural gas.

© The average fecdstock mix for LPG consumed in the US.

travel than an The projected U.S. average electricity mix in the year shown.

internal combustion
engine vehicle is at converting a GJ of fuel into a km of travel, but an
electric resistance heater is only 10-20% more efficient at converting a GJ of
electricity into a GJ of useful heat than a fuel burner is at converting a GJ
of fuel into a GJ of useful heat. Put another way, internal-combustion heat
engines are much less efficient at providing work then external combustion
devices are at providing heat, and hence electricity can be an efficient
substitute for the former, but not the latter.
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6 CONCLUSIONS

Among the major near-term alternative fuels for highway vehicles,
LPG, especially made from natural gas, and CNG appear to have very low
vehicular and upstream emissions of urban air pollutants. Ignoring
potentially important economic impacts of alternative fuel policies, and
considering only the “technological-systems” effects of fuel substitution, the
LEM also indicates that the substitution of LPG or for gasoline would
reduce fuelcycle emissions of GHGs in the near term by 20% or more.

Forklifts using LPG (especially LPG made from natural gas) or
CNG can have relatively Jow end-use and fuelcycle emissions of urban and
indoor air pollutants. The emissions model also indicates that the
substitution of LPG or CNG for gasoline would substantially reduce
fuelcycle emissions of GHGs. Diesel forklifts emit about as much as GHGs
as do LPG and CNG forklifts; battery-powered forklifts emit less.
Unregulated gasoline forklifts have very high emissions of CO -- so large, in
fact, that the CO,-equivalent of the CO emission exceeds the actual
emissions of CO,.

Natural gas and LPG for space heating and water heating have
relatively low fuelcycle emissions of GHGs and criteria pollutants. Natural
gas appears to have slightly lower fuelcycle emissions of GHGs than does
LPG, mainly because, in the case of external combustion devices, unlike in
the case of internal combustion engines, the higher carbon content of LPG
is not offset by higher emissions of methane and higher emissions from gas
compression in the natural gas fuelcycle. From the standpoint of energy
efficiency and CO,-equivalent emissions, fossil-fuel electricity is a poor
choice for space heating and water heating, because electricity generation
from fossil-fuel combustion wastes 60-70% of the heat of combustion,
whereas direct heating by fossil-fuel combustion wastes only 10-20%.

Given the uncertainties in the analysis of greenhouse gas emissions,
and the importance of improving urban air quality, one can conclude that
the use of LPG or natural gas is likely to help improve urban air quality
(especially PM and ozone air quality), without harming (and perhaps
benefiting) the global environment. It is important to look beyond end-use
emissions and consider the entire lifecycle, because emissions from
“upstream” fuelcycle activities, and from the lifecycle of materials, can be
significant relative to end-use emissions. Findings for one sector, such as
highway vehicles, do not necessarily apply to other sectors, such as offroad
engines or residential heating, on account of important differences in end-
use energy efficiency and emissions.

Acknowledgment: The Propane Education and Research Council provided
partial funding for this research. They do not necessarily endorse the
findings.
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