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Abstract

This study examines the potential change in primary emissions and energy use from replacing the current U.S. fleet of fossil-fuel on-roac
vehicles (FFOV) with hybrid electric fossil fuel vehicles or hydrogen fuel cell vehicles (HFCV). Emissions and energy usage are analyzed for
three different HFCV scenarios, with hydrogen produced from: (1) steam reforming of natural gas, (2) electrolysis powered by wind energy,
and (3) coal gasification. With the U.S. EPA's National Emission Inventory as the baseline, other emission inventories are created using a life
cycle assessment (LCA) of alternative fuel supply chains. For a range of reasonable HFCV efficiencies and methods of producing hydroger
we find that the replacement of FFOV with HFCV significantly reduces emission associated with air pollution, compared even with a switch
to hybrids. AllHFCV scenarios decrease net air pollution emission, including nitrogen oxides, volatile organic compounds, particulate matter,
ammonia, and carbon monoxide. These reductions are achieved with hydrogen production from either a fossil fuel source such as natural g
or a renewable source such as wind. Furthermore, replacing FFOV with hybrids or HFCV with hydrogen derived from natural gas, wind or
coal may reduce the global warming impact of greenhouse gases and particles (measured in carbon dioxide equivalent emission) by 6, 1
23, and 1%, respectively. Finally, even if HFCV are fueled by a fossil fuel such as natural gas, if no carbon is sequestered during hydroger
production, and 1% of methane in the feedstock gas is leaked to the environment, natural gas HFCV still may achieve a significant reductiot
in greenhouse gas and air pollution emission over FFOV.
© 2005 Published by Elsevier B.V.
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1. Introduction the effect of these emission changes on ambient air pollution
and on potential health and climate codts The complete
The purpose of this analysis is to study the potential effects research effort is published in two parts in these two separate
on air pollution and global climate of replacing fossil-fuel on- papers.
road vehicles (FFOV) with those powered by hydrogen fuel  This paper combines a life cycle assessment (LCA)
cells, where the hydrogen s produced from: (1) steam reform- with data from the U.S. Environmental Protection Agency’s
ing of natural gas, (2) wind-powered electrolysis, or (3) coal (EPAS) National Emission Inventory (NE[R] to estimate
gasification. The present paper conducts a well-to-wheelsthe net change in emission upon a switch to a hybrid FFOV
analysis for different hydrogen fuel cell vehicle (HFCV) sce- or a HFCV fleet. We evaluate one hybrid FFOV scenario
narios and determines the net changes in primary emissionsand three HFCV scenarios in which hydrogen is produced
and energy use that result. The emission results from thisby: (1) decentralized steam reforming of natural gas, (2)
study serve as inputs into a second study, which examinesdecentralized electrolysis powered by wind turbines, and (3)
centralized coal gasificatidi@]. We conduct a LCA of dif-
* Corresponding author. Tel.: +1 650 283 2701; fax: +1 501 620 2818, ferent HFCV scenarios to evaluate the primary energy and
E-mail addressweolella@alumni.princeton.edu (W.G. Colella). pollutant flows involved in fossil fuel and hydrogen scenarios
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during fuel extraction, production, transport, storage, deliv- abandoned programs to develop this technol@t®,13]
ery, and use on the vehicle (the fuel supply chain). In casesAnother energy inefficient and pollutive scenario involves
where a range of performance assumptions are plausible, weelectrolyzing water to produce hydrogen with electricity pro-
use conservative assumptions to strengthen the credibility ofvided by the current mix of stationary power plarisg!].
the final results. This study uses the NEI as input for the atmo- The same European Union study determined that the HFCV
spheric model to verify the model’s resultant concentrations would produce less greenhouse gas emissions and would
of air pollutants against measured values for the base casde more energy efficient from well-to-wheels than hydro-
of a 1999 vehicle fleet. We combine the results of the LCA gen internal combustion engine (ICE) vehicles. Another pro-
with the NEI by developing alternative emission inventories moted but inefficient hydrogen economy scenario involves:
that reflect changes in the LCA under different hydrogen (1) the production of liquid hydrogen fuel (which consumes
production scenarios. These alternative emission inventories30% of the heating value of the fuel), (2) trucking it to distri-
record the actual emission of gases and particle componentdution centers, and (3) using it to fuel ICE (which operate at
associated with hydrogen fuel production and use and thelower efficiencies than fuel cells and produce Nfnissions)
corresponding change in emissions associated with reduc{15]. Other studies underestimate the relative well-to-wheel
ing fossil fuel use. They serve as the primary inputs to an efficiency improvement and emission reductions with HFCV
atmospheric model in the second paper, which examines the[16,17] By contrast, our study demonstrates energy efficient
effects of changes in emission on air pollution using a three- and low emission scenarios for a hydrogen economy based
dimensional numerical model of the atmosphere and oceanon the use of gaseous hydrogen and fuel cells.
(GATOR-GCMOM)[4,5]. Model results are compared with In addition, several studies have examined specific aspects
paired-in-time-and-space data here. of the potential impact of a hydrogen economy on the ozone
To date, several studies have examined the economicsjayer, greenhouse gases, and air pollufi®B+20] However,
the environmental impacts, and the safety of using hydro- these studies did not examine the net change in emission
gen as a fuel for vehicles. A DOE study investigated the resulting from a switchto a hydrogen economy resolved down
economics of different methods of producing hydrogen for to the county or state level. They also did not perform a life
vehicles from renewable sourc§8]. The study analyzed cycle assessment to examine the net changes in emissions
the economic and physical feasibility of producing enough resulting from different methods of producing hydrogen. By
hydrogen (10 quads) to supply a 2003-sized vehicle fleet in contrast, this study addresses this change by combining LCA
the year 2004 from renewable electricity sources, in par- with the NEI.
ticular, biomass, wind, solar photovoltaic, and geothermal.
The study concluded that, among these sources, the most
economically attractive and physically available renewable 2. Methodology
energy resource is wind power, potentially contributing 70%
of the total energy required across the U.S., and at 40% This paper conducts a LCAfor: (1) the current 1999 FFOV
lower cost than solar photovoltaic. The study also concluded fleet, (2) a hybrid-fossil fuel electric scenario, and (3) three
that, in such a future scenario, Class 4 wind resources (rang-different HFCV scenarios. For each scenario, the primary
ing between 5.6 and 6.0 mSwinds at 10 m) may be more  energy and pollutant flows are analyzed across the fuel sup-
highly utilized than Class 5 (6.0-6.4 mswinds at 10 m) or ply chain. This paper combines the results of the LCA with
Class 6 (6.4—7.0 nT$ winds at 10 m) resources because of the NEI by developing alternative emission inventories that
their proximity to population centers and consequent lower reflect changes in the LCA under different hydrogen pro-
transmission costs. The greater feasibility of Wind Class duction scenarios. This paper also compares the atmospheric
4-generated hydrogen to a future HFCV fleet underscoresmodel’s predictions of ambient pollutant concentrations with
the importance of investigating this scenario for the study. measured values. We discuss: (1) the LCA methodology, (2)
Kartha estimates that hydrogen derived from electrolysis will the NEI, and (3) the combined LCA and NEI analysis for the
cost between $2.75 and $4.50 per gasoline-gallon equiva-five scenarios.
lent of H, for electricity purchased at between 0.04 and
0.08 cents (kW hy!, respectively{7]. Bauen et al. demon-  2.1. Life cycle assessment
strates significant greenhouse gas reductions with hydrogen
produced from wind for vehicle8]. Studies by the DOE, LCA was used to examine the primary mass, energy,
NASA, and the California Fuel Cell Vehicle Partnership have and pollutant flows involved in each hydrogen production
concluded that hydrogen can be used safely as a fuel for vehi-scenarig[21]. LCA uses mass and energy balance calcula-
cles following certain guideling®]. tions to analyze the net pollutant and energy flows crossing
Other studies have highlighted scenarios for a hydro- a control volume around the primary fuel supply chain, a
gen economy that are either energy inefficient or produce methodology similar to analysis of a process plant. The pri-
high levels of pollution. One energy inefficient, highly pol- mary fuel supply chain for vehicles includes fuel extraction,
lutive scenario involves the use of gasoline-to-hydrogen fuel production, transport, storage, delivery, and use onboard the
reformers onboard the vehidlEd,11] Mostautomakers have  vehicle. LCA examines this fuel supply chain from “well-to-
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wheels.” Within this chain, LCA focuses on the most energy ~ Table lalso shows emission estimates of other species not
and pollution-intensive linkf22]. recorded in the NEI: (1) hydrogen gh (2) carbon dioxide
Figs. 1 through dillustrate LCA for the base case of (CQOy), and (3)watervapor (}0). These emission rates were
the conventional FFQV fleet and for three different HFCV derived from other emissions in the NEI and conservation of
scenariosFig. 1 shows a LCA for the conventional 1999 mass calculations, described below.
on-road vehicle fleet, which consumes primarily gasoline In the base case (1999 fossil fuel vehicles), the primary
and diesel fuel within internal combustion engines (ICE). source of H emissions is incomplete combustion. Because
Fig. 2shows a LCA for a HFCV scenario with the hydrogen Hj and CO are both products of incomplete combustion, they
derived from natural ga&igs. 3 and £how the same supply  tend to be emitted proportionally to one another. As shown in
chain with the hydrogen derived from wind and coal, respec- Table 1 CO emissions are listed in the NEI. The quantity of
tively. The analysis of these LCA is discussed in subsequentH, emission was derived from the quantity of CO, assuming

sections. 0.029 units of mass of $per unit of mass of CO for combus-
tion processeR3]. In later HFCV scenarios, the quantity of

2.2. U.S. Environmental Protection Agency’s (EPA’s) Hz emission also includes estimates of leaked H

National Emission Inventory (NEI) CO, emissions were based on fuel consumption and CO

emission factors shown ifiable 2 For vehicles, total C®

The U.S. EPA's NEI estimates air pollution emissions from emissions were a product of the total distance driven and
all U.S. anthropogenic sources, including vehicles, power a CQ, emission factor for the average vehicle of 320g
plants, boilers, manufacturing facilities, and industrial facili- CO, km~1, shown inTable 2 This CQ emission factor for
ties, for every year since 1989, and also for 1980 and 1985, bythe average vehicle was based on rescaling an emission fac-
county. The inventory considers 370,000 stack and fugitive tor of 38g Cknt? for a vehicle with a fuel consumption
sources, 250,000 area sources, and 1700 categories of on-roanf 39 miles gallort! for a vehicle with the average fuel con-
and non-road vehicular sources (including 837 categories of sumption of the U.S. fleet, 17.11 miles galtdn For power
gasoline vehicles). plants, total C@emissions were a product of the total amount

Table 1shows NEI emission estimates for 1999 for broad of fuel consumed by a particular type of power plantangCO
categories: (1) on-road vehicles, (2) non-road mobile sources,emission factors for each type of fuel, as showiamle 2
(3) point and area sources that include power plants, and Water vapor emissions were based on different molar
(4) total emissions from anthropogenic sources (the sum of ratios of HO to CO, emission during combustion of var-
each of the three prior categories). On-road vehicles includeious fuels. For on-road vehicles, the quantity of water vapor
motorcycles, passenger vehicles, trucks, recreational vehi-emitted was based on the stoichiometric combustion of a
cles, etc. Non-road mobile sources include lawn mowers, combination of gasoline and light diesel fuel (& ss,),
tractors, construction vehicles, farm vehicles, industrial vehi- which yields a molar ratio of bD to CQ, of 0.93. For elec-
cles, etc. Point and area sources include electric power plantstric power plants, the quantity of water vapor emitted was
chemical processing plants, heating equipment, etc. Becausdased on the weighted average for natural gas and coal plants,
the estimates shown ifable linclude emission estimates assuming the current mix of U.S. electric generation plants
from the conventional fossil fuel on-road vehicle fleet, these (52% coal and 16% natural gas). Stoichiometric combustion
data comprise the base case used in this analysis. leads to a molar ratio of $#D to CO of 1.2 for coal and 2 for

As reflected inTable 1 the NEI estimates gas and methane (approximating natural gas), such that the weighted
particle emissions. Gases accounted for include carbonaverage of these for all power plants is 0.92 moles #Dkb
monoxide (CO), ammonia (N4)l, speciated nitrogen oxides CO,. For the category of other sourcesTiable 1 the same
(NOy), speciated sulfur oxides (S and organics. Speci- conversion factor was applied.
ated NQ includes nitrogen oxide (NO), nitrogen dioxide Emissions from each source and location were allocated
(NO2), and nitrous acid (HONO). Speciated ,odcludes in time (with 1-h resolution) with U.S. EPA temporal emis-
sulfur dioxide (SQ) and sulfur trioxide (S@). Additional sion factors. The raw emissions for stack and fugitive sources
gases include organic compounds such as paraffin carborwere given by actual location of emission. Area and mobile
(PAR), olefin carbon (OLE), ethylene £8,), formalde- emissions were allocated by county; however, they were dis-
hyde (HCHO), acetaldehyde (GBHO), toluene (TOL), tributed spatially within each county by spatial surrogate
xylene (XYL), isoprene (ISOP), non-reactive hydrocar- factors, including population, roads, agriculture, households,
bons/methane (NR/CH. The inventory treats both fine par-  ports, airports, and railroads.
ticulate matter (PMs), which is 2.5um in diameter and
smaller, and course particulate matter (BMwhichis 10um 2.3. Base case: 1999 gasoline and diesel internal
in diameter and less and includes PMSpeciated particle ~ combustion engine vehicle fleet
matter (PM) include organic matter (GMand OM,g), black
carbon (BG s and BGy), sulfate (SULE s and SULFy), Table 1summarizes emissions for the base case scenario,
nitrate (NIT> 5 and NITyg), and other particle matter (OH which assumes a 1999 ICE fleet. The current ICE vehicle
and OTH{). fleet is chosen as a base case instead of a potential future
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Fossil Fuel On-Road Vehicle Supply Chain
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Fig. 1. Life cycle analysis (LCA) supply chain for the conventional 1999 gasoline and diesel on-road vehicle fleet using internal combustiofGijgines (
Along the supply chain from fuel extraction to consumption, the supply chain shows the energy inputs and emission outputs along the entire chain from
“well-to-wheels.” The process stream arrows show the flow of the working fluid (the primary fuel) as it is transformed. The cylinders 1-7 indisaesmoce

the working fluid from its extraction, to its refining, to its end use in the vehicle. The curved arrows show emissions released during each pregess. Emis
1-10 are released during the combustion of fossil fuels related to processes 1 through 5 and 7. Process 6 (fuel storage) emits small quantigearaf metha
non-methane organics through fuel vaporization and subsequent leakage, but requires negligible energy. The solid white arrows show thé&emengts requ

for each process; the relative sizes of these arrows with respect to each other approximately indicate the relative amount of energy requipeaciEsseach

The most energy intensive process along the chain is the centralized processing of crude oil into refined gasoline and diesel fuels, followeathgroil ext

from fields and crude or refined fuel transport. The primary supply chain is shown on the left with cylinders 1-7. Secondary supply chains are shown on the
right, which involve the construction and decommissioning of related infrastructure. While the primary chain refers to a continuous procemsddng se

supply chains are composed of a series of one-off batch processes, such as the construction and decommissioning of a gasoline station (dgaadary supp

of cylinder 6). Related emission and energy inputs are also shown. LegelRid$ol—4is shown in the box.
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Natural Gas-to-Hydrogen Fuel Cell Vehicle Supply Chain
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Fig. 2. Life cycle analysis (LCA) supply chain for hydrogen fuel cell vehicles (HFCV) with hydrogen derived from natural gas. Processes 1, 2, kzmed 5 re
combustion emissions 1 through 10 during related transport, power generation, and/or chemical processing. Process 3 releases methaneased non-meth
organics through natural gas leakage. Process 6 releasgs0Et) CO, NQ, non-methane organics, an@ ldmissions. Process 6 is also the most energy
intensive. Process 7 releases combustion emissions 1 through 10 because the electricity required to run the compressors is assumed to ariserfrom the c
mix of electricity generators. Process 7 is the second most energy intensive process in the chain. Processes 7, 8 anthtoenglit ldakage. In process 9,
hydrogen vehicles emit water vapor during use, though this vapor could be condensed to liquid form. Within the figure, the relative sizes of tmeuénergy i
arrows approximate the relative amount of energy required for each process. The secondary supply chains, shown on the right, require enegg/ and produ
emissions. However, an assumption of this analysis is that the energy requirements and emissions produced by the secondary supply chainfia@ne scena
roughly equivalent to those in another scenario, and, in comparisons, cancel each other out. For legend, pligade see
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Wind-to-Hydrogen Fuel Cell Vehicle Supply Chain
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Fig. 3. Life cycle analysis (LCA) supply chain for hydrogen fuel cell vehicles (HFCV) with hydrogen derived from wind. Process 7 releases combustion
emissions during compression of hydrogen powered by the current mix of electricity generating plant (52% coal). However, this process regigres a fra
of energy compared with the electrolyzer (5% of electrical consumption at the electrolyzer). Hydrogen is released here both through leakagghand thro
incomplete combustion at the upstream power plants. Processes 6-9 relemsission through leakage. Process 6 is the most energy intensive and consumes
liquid water. In process 9, hydrogen vehicles emit water vapor during use, though this vapor could be condensed to liquid form. Within the fitatiee the re
sizes of the energy input arrows approximate the relative amount of energy required for each process. The secondary supply chains, showmeguihe right,
energy and produce emissions. However, an assumption of this analysis is that the energy requirements and emissions produced by the sectralasy supply
in one scenario are roughly equivalent to those in another scenario, and, in comparisons, cancel each other out. For legendiglelase see
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Coal-to-Hydrogen Fuel Cell Vehicle Supply Chain
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Fig. 4. Life cycle analysis (LCA) supply chain for hydrogen fuel cell vehicles (HFCV) with hydrogen derived from coal. Processes 1-4 and 7 relesti@comb
emissions 1 through 10 during related fuel transport, power generation, and/or chemical processing. Process 5, coal gasification oreBasNOC SO,

and H through leakage. This process is the most energy intensive, and conspiares iguid water. Additional waste from process 5 includes unreacted solids

that become recycled waste and landfill waste. Process 7 releases combustion emissions 1 through 10 because the electricity required to resotise compre
is assumed to arise from the current mix of electricity generators. Process 7 is the second most energy intensive process in the chain. Prodesises 5-9 em
through leakage. In process 9, hydrogen vehicles emit water vapor during use, though this vapor could be condensed to liquid form. Within tee figure, th
relative sizes of the energy input arrows approximate the relative amount of energy required for each process. The secondary supply chairtse sigyn on t

in one scenario require energy and produce emissions. However, an assumption of this analysis is that the energy requirements and emisstpngproduced
secondary supply chains in one scenario are roughly equivalent to those produced in another scenario, and, in comparisons, cancel each letj@mdyut. For
please sefig. 1
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Table 1
Base case with fossil fuel on-road vehicle (FFOV) fleet emission production (metric tortyear
Species On-road vehicles Non-road mobile Point and area sources including Total
sources electric power plants
Gases
Carbon monoxide (CO) 6.18E+07 2.28E+07 2.71 E+07 1.12E+08
Nitrogen oxides (NQ) as NQ 7.57E+06 4.02E+06 1.03E+07 2.19E+07
Organics
Paraffins (PAR) 3.53E+06 1.74E+06 8.75E+06 1.40E+07
Olefins (OLE) 1.61E+05 8.53E+04 2.75E+05 5.21E+05
Ethylene (GH4) 2.27E+05 1.27E+05 5.58E+05 9.12E+05
Formaldehyde (HCHO) 4.43E+04 491 E+04 1.29E+05 2.23E+05
Higher aldehydes (ALD2) 1.72E+05 9.36E+04 7.34E+04 3.39E+05
Toluene (TOL) 3.29E+05 1.63E+05 2.11E+06 2.60E+06
Xylene (XYL) 4.66E+05 2.19E+05 1.56E+06 2.25E+06
Isoprene (ISOP) 4.86E+03 2.05E+03 3.01 E+03 9.92E+03
Total non-methane organics 4.93E+06 2.48E+06 1.35E+07 2.09E+07
Methane (CH) 7.91 E+05 4.24E+05 5.10E+06 6.31 E+06
Sulfur oxides (SQ) as SQ 2.72E+05 4.31 E+05 1.74E+07 1.81 E+07
Ammonia (NH) 2.39E+05 3.19E+04 4.26E+06 4.53E+06
Hydrogen (H) 1.76E+06 6.49E+05 7.74E+05 3.18E+06
Particulate matter
Organic matter (OM\s) 5.04E+04 8.89E+04 2.50E+06 2.64E+06
Black carbon (BGs) 9.07E+04 1.32E+05 3.69E+05 5.92E+05
Sulfate (SULE 5) 1.88E+03 6.20E+03 3.02E+05 3.10E+05
Nitrate (NIT,.s) 2.47E+02 7.03E+02 2.58E+04 2.67E+04
Other (OTH.5) 2.40E+04 6.19E+04 8.17E+06 8.26E+06
Total PMp s 1.67E+05 2.90E+05 1.14E+07 1.18E+07
Organic matter (OlNb) 7.19E+04 9.75E+04 5.60E+06 5.77E+06
Black carbon (BGp) 1.07E+05 1.44E+05 7.10E+05 9.62E+05
Sulfate (SULK) 2.99E+03 6.72E+03 4.82E+05 4.91 E+05
Nitrate (NITyo) 3.15E+02 7.72E+02 6.99E+04 7.10E+04
Other (OTHy) 3.66E+04 6.40E+04 3.74E+07 3.75E+07
Total PMyg 2.19E+05 3.13E+05 4.43E+07 4.48E+07
Species On-road vehicles Other sources Electric power plants Total
Carbon dioxide (CQ) 1.37E+09 1.70E+09 2.23E+09 5.30E+09
Water (H0) 5.19E+08 6.38E+08 8.38E+08 1.99E+09
CO; equivalent (low) 1.36E+09 1.70E+09 2.27E+09 5.33E+09
CO;, equivalent (high) 1.39E+09 1.74E+09 2.72E+09 5.86E+09

On-road vehiclesinclude motorcycles, passenger vehicles, trucks, recreational vehicles, etc. Non-road mobile sources include lawn tosyersigraction
vehicles, farm vehicles, industrial vehicles, etc. Point and area sources include electric power plants, chemical processing plants, fraatmgetgusource
for all emissions exceptH CO,, and HO is the U.S. National Emission Inventory (NEt}tp://www.epa.gov/ttn/chief/net/1999inventorv.htidp, CO,, and
H2O emissions derived from CO emissions and fuel use, as described in the main text.

ICE vehicle fleet based on more modernized, fuel efficient efficient than the 1999 fleet. Fourth, technology analysts and
vehicles for four main reasons. First, the performance of the business economists would estimate that ICE vehicles appear
1999 FFQV fleet can be quantitatively described by the NEI's to be approaching the end of their product development cycle.
extensive mobile sources database, which details emissiondVithout a paradigm-shift to a new type of technology (such
and fuel economy24]. Second, using 1999 emissions data as a hybrid electric drive train or an ultra-light weight com-
permits verification of the atmospheric model via compar- posite chassis), conventional ICE vehicles can be expected to
isons of the model’s resultant concentrations of air pollution achieve only modestincreases in fuel economy over previous
with measured values. Verification of the atmospheric model years. Nevertheless, we include a hybrid case here to account
is shown shortly. Third, although more modern, fuel efficient for the possibility of a modernized ICE fleet.

ICEs exist, the U.S. trend in fuel economy over the past 20

years has not been toward more fuel efficient vehicles. The 2.3.1. Base case verification of atmospheric model

average fuel economy of cars and trucks declined between theagainst measured emissions

late 1980s and the late 1990s, and has remained constantsince Forthe 1999 base case scendfig, 5a—0 compares atmo-
then at 6% less than its pe§k5]. Therefore, a future ICE  spheric model predictions with paired-in-time-and-space
vehicle fleet cannot be expected to be necessarily more fuelAugust 1999 data for meteorological, radiation, gas, and
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Table 2

CO, emission factors

Average vehicle in 1999 U.S. fleet (kg G&Gm~1) 0.318

Electric power plants
Coal (kg CQ kg! coal) 2.14
Natural gas (kg C@m~—2 natural gas) 0.00193
Qil (kg COz kg1 oil) 311
Liquid petroleum gas (LPG) (kg C&kg™! LPG) 2.77
Wood (kg CQ kg~ wood) 1.65
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aerosol parameters in the U.S. grid. A paired-in-time-and-
space comparison is one in which model predictions are
compared with data values at the exact locations and times
of the measurement. Paired-in-time-and-space comparisons
are the most rigorous type of model evaluation possible.
Parameters compared included: (a) air pressure, (b) temper-
ature, (c) relative humidity, (d) wind speed and direction,
(e) surface solar irradiance, (f) surface UV radiation, (g)
ozone, (h) ethane, (i) propane, (j) toluene, (k) isoprene, (1)
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Fig. 5. Comparison of atmospheric model output (solid lines) with measured data (dashed lines) for ambient air pollution and environmented. conditio
Comparisons are shown for a random sample of different locations, with the latitude and longitude of each location shown. Locations selected at rando
Ambient air pollution data is from U.S. EPA AIR Datfattp://www.epa.govair\data
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Fig. 5. (Continued

non-methane organic carbon (NMOC), (m) nitrogen diox- 2.4. Common assumptions for the hybrid and fuel cell

ide, (n) carbon monoxide, and (0) particles smaller than scenarios

10m in diameter (PMp). The time resolution of the data

(and model output) was 1 h in all cases. No data assimila- In the hybrid and HFCV scenarios, several common
tion, nudging, or model spinup was performed during the assumptions are made. First, the replacement of 100% of
model simulation. Model results were interpolated with bilin- conventional FFOV is assumed to occur instantaneously in
ear interpolation from four surrounding grid cell centers to one year, 1999. This replacement is not a practical strategy
the exact location of the measurement. Data were from thefor phasing in a new vehicle fleet, but rather a heuristic exer-
U.S. EPA AIR Datg26]. The number in parentheses is the cise from which we can learn about the relative change in
station identifier. The atmospheric model used for this study emissions. Second, scenarios were designed to consider the
is described in detail in the accompanying pafdrand more economically attractive configurations within a tech-
elsewherg4,5] nology type. For example, decentralized natural gas steam
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Fig. 5. (Continued.

reformers were considered over centralized ones becausestruction and decommissioning of: (1) oil rigs needed for
decentralized units could rely on the current natural gas dis- production, (2) oil pipelines and tankers needed for crude oil
tribution pipelines whereas centralized ones would require transport, (3) refineries for centralized crude oil processing,
building an extensive network of new pipelines for carry- (4) oil tankers, railroads, and trucks for refined fuel transport,
ing hydrogen. Third, the scenarios differ in their commercial and (5) fuel storage and fuel station delivery infrastructure.
readiness-to-market, with hybrid electric vehicles closest to Each of these secondary supply chains consumes energy and
commercialization followed by HFCV powered by natural produces emissions. However, an assumption of this analysis
gas, wind, and coal, in that order. Among these, the coal sce-is that the energy requirements and emissions produced by
nario might require the longest and most financially intensive secondary supply chains in one scenario are roughly equiva-
research and development effort, in part because no advanceéent to those in other scenarios. As a result, in comparing sce-
coal gasification plant has been built specifically for hydrogen narios, the environmental and energy impacts of secondary
production to date. Despite these differences in readiness-to-supply chains roughly cancel out. These secondary supply
market and required research and development investmenthains are also considered the least significant for their envi-
time, all scenarios were considered ready for implementa- ronmental and energy impacts because they primary consist
tion at the same time. Fourth, in all scenarios, the vehicles of a series of batch processes rather than a continuous process
require the same motive force. Equivalent motive power sig- as in the primary supply chain. This assumption is consistent
nifies that the hybrid or HFCV fleet has the same distributions with the findings of other LCA studies. For example, in an
of vehicle mass, aerodynamic drag, rolling resistance, frontal LCA of hydrogen production via natural gas steam reform-
area, and wheel-assembly rotating inertia as the 1999 fleet,ing, Spath estimates that the global warming contribution for
as well as being subject to the same drive cy¢dg. The constructing and decommissioning of both steam reforming
vehicle chasses remain the same, and only the power systemplants and natural gas pipelines combined was 0.4% of the
are replaced. Fifth, the power and fueling systems are similartotal across the supply chaj@8]. As a result of being pri-
in weight, such that one can replace the other. marily batch processes, these secondary supply chains are
Sixth, Figs. 1 through 4show secondary supply chains assumed negligible in this analysis.
to the right of each primary supply chain. These secondary Finally, technological performance is based on the most
supply chains consist of the construction and decommission-advanced 2005 prototypes for which information has been
ing of infrastructure needed for the primary supply chain. As made publicly available, for technologies all along the hybrid
shown inFig. 1, secondary supply chains include the con- and fuel cell supply chains (showigs. 2—3. Performance
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data for HFCV is given in the subsequent section “Com- same emission factors per unit mass of fuel consumed as the
parison of Conventional FFOV Efficiency with HFCV Effi- 1999 FFOV but less fuel consumption per mile traveled. The
ciency.” Unlike ICEs, fuel cell systems are at the beginning of fleet-averaged energy efficiency increase upon conversion of
their product development cycle, and therefore, given appro- FFOV to hybrid vehicles was estimated as 45%, correspond-
priate incentives for innovation, can be expected to achieveing to a 31% emission decrease (1/13))].
more dramatic gains in their performance than ICEs. There-  The hybrid fleet was assumed to have the same pollutant
fore, the peak performance achieved by pre-commercial fuel emission factors per mass of fuel consumed as the FFOV for
cell systems in 2005 is assumed to characterize the averagseveral reasons. Some of the newest hybrid vehicles qualify
performance of fuel cell systems in the future. Unlike other as partial zero emission vehicles (PZEV), i.e. the Califor-
studies that hypothesize the potential future performancenia Air Resources Board (CARB) has sanctioned them as
of energy technologies, this study bases its performancehaving extremely clean tailpipe standard meeting the super
assumptions on manufacturers’ best current prototypes. ultra low emission vehicle (SULEV) standdB2]. However,
these vehicles have qualified as PZEV not because they are
2.4.1. Upstream energy use and emissions hybrids (not because they employ a hybrid vehicle drive train
A gasoline fuel supply chain is composed of similar pro- composed of an engine and electrical storage device), but
cess steps as the hydrogen fuel supply chain, including explo-rather because of the additional pollution control technology
ration, production, processing and refining, and fuel transport added to them by manufacturers. By itself, conversion from
via trucks, tankers, or pipeline. From well-to-tank, the gaso- a conventional vehicle drive train to a hybrid one primar-
line supply chain consumes approximately 12% of the energy ily improves vehicle efficiency, not emission factors per unit
in its fuel [29]. For comparison, in the natural gas supply of fuel consumed. Second, this future hybrid fleet may have
chain, approximately 10% of the lower heating value (LHV) a similar distribution of gasoline and diesel vehicles as the
chemical energy in the natural gas fuel is needed during the:1999 FFQOV, with the fuel type being a primary determinant of
(1) exploration (0.7%), (2) production (5.6%), (3) storage the emission factor. Finally, although emission factors from
and processing (1.0%), and (4) transmission (2.7%) of the some new FFOV vehicles will be lower than current emission
gas[30]. The same supply chain is relied on in a natural gas factors, the fleet average emissions may not decrease as sig-
HFCV scenario. The fuel supply chain stages for coal used nificantly since the introduction of the lowest emission hybrid
in industrial power plants are approximately equal to those vehicles may not be uniform and the effect of new pollution
stages used prior to coal consumption in centralized gasifica-control technology often diminishes with a car’s age. In this
tion plants, with approximately the same energy requirementsstudy, we compared the fleet average hybrid against the fleet
as gasoline and natural gas during these stages. Due to simiaverage HFCV.
larities in the energy requirements of these separate sections
of fuel supply chains, the upstream energy requirements in2.6. Overview of hydrogen fuel cell vehicle fleet supply
the gasoline fuel cycle are equated with the energy require-chain scenarios
ments in the hydrogen fuel cycle between well-and-tank with
the exception of: (1) hydrogen production (the creation of  This section gives an overview of some of the common
hydrogen fuel from another fuel source) and (2) hydrogen points of investigation surrounding all HFCV scenarios. First,
compression. These energy requirements were added ontahis section gives an overview of the change in emissions
the energy requirements of the HFCV scenarios. in the HFCV scenarios. Second, this section discusses the
The gasoline cycle produces evaporative emissions of derivation of hydrogen consumption by HFCV. Finally, this
volatile organic compounds and combustion emissions of section discusses hydrogen compression for onboard vehi-
several pollutants (NQ CO, HCs, CO, PM). In the HFCV  cle storage, hydrogen leakage in the fuel supply chain, and
scenarios, where gasoline emissions were replaced withemissions released during the incremental consumption of
hydrogen emissions, evaporative and combustion-relatedgrid electrical power.
emissions related to petroleum production for vehicle trans-
port were eliminated in the U.S. NEI. For example, half of 2.6.1. Overview of change in emissions in HFCV
VOC emissions created in petroleum production were elimi- scenarios
nated in proportion to the percentage of petroleum production  For the scenario in which the U.S. vehicle fleet is con-
related to vehicle fuels. In the hybrid case, these emissionsverted to HFCV, all gas and particle emissions in the U.S.
were reduced in proportion to the reduction in fuel consump- inventory associated with vehicles (including vehicle emis-

tion. sions (pollutants and water vapor), refinery emissions, and
pipeline emissions) were eliminated from the simulations,

2.5. Scenario 1: gasoline hybrid electric ICE vehicle and emissions arising from hydrogen fuel cell vehicle use

scenario were added. In the case where steam reforming of methane

was considered, emissions included hydrogen leaks, water
The hybrid fleet was modeled as a more efficient ver- vapor emission, methane combustion emission (due to gen-
sion of the 1999 FFOV fleet. It was modeled to have the eration of heat for steam reformation), methane leaks during
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distribution and processing, and emission due to compressingmiles), F, the fuel consumption for HFCV (mileskg
and transporting hydrogen. When coal gasification was usedH, 1), Mgyt the average mileage of the conventional
to generate hydrogen, emissions included,CCO, leaked FFOV fleet (miles gallon!)=17.11 miles gallon!, V. the

H>, some residual Spand NQ, and all products of coal  volumetric conversion (gallonsTd) = 260 gallons m?3,
cracking required to raise the temperature and pressure durpg the density of gasoline (kgn?) = 750 kg/n?

ing the coal gasification process. Emissions resulting from [35], L% the lower heating value of gasoline fuel
the manufacture of steam-reforming plants, coal gasification (MJkg1) =44 MJkg 3, L, the lower heating value of
plants, and wind turbines were also considered. In all caseshydrogen fuel (MJkgl)=120MJkg3, ng the conven-
changes in location of emissions were treated as follows: Thetional FFOV efficiency =vehicle’s motive energy/LHV
location and magnitude of emissions from existing natural gas of fuel=0.16, n,, the HFCV efficiency = vehicle’s motive
and coal-fired power plants were accounted for in the NEI. energy/LHV of fuel =0.46.

New power generation for hydrogen generation based on the

current mix of power plants was assumed to occur in the same2.6.2.1. Comparison of conventional FFOV efficiency with
locations as current power generation. The location of emis- HFCV efficiency.Vehicle efficiency is defined as the ratio
sions from centralized coal gasification plants was assumedof the amount of motive energy used to propel a vehicle to
to be the same location as current coal power plants for elec-the amount of LHV chemical energy in the fuel. It is a com-
tric power production (recorded in the NEI). The location of plex function of: (1) the efficiency of the power system (i.e.
emissions from distributed natural gas steam reformers wasthe engine or the fuel cell system), (2) the efficiency of sub-
assumed to be the same location as current gasoline refuelsystems such as power conversion, (3) the efficiency of the
ing stations. Vehicle emissions were assumed to occur in thetransmission, and (4) the efficiency of the drive train. Most

same location as with the NEI 1999 fleet. important, vehicle efficiency is a function of the vehicle’s
drive cycle, the record of how a vehicle’s speed changes with
2.6.2. Hydrogen consumption by vehicles time. The vehicle’s speed impacts its efficiency because the

The quantity of hydrogen-related emission is ultimately power system and transmission efficiency depend on their
a function of the projected hydrogen consumption in on- required output. For ICE vehicles, engine efficiency varies
road vehicles. Data for hydrogen consumption from on-road with engine speed and required torque (or load). The engine
vehicles was derived by taking the distance driven in each has an efficiency “sweet-spot” over a small range of speeds
U.S. county in 1999 from the U.S. NEI, then converting the andtorques where efficiency is highest. The transmission effi-
mileage into energy requirements for propelling these vehi- ciency also varies with load. The manner in which engines
cles (using the average fleet mileage of all on-road vehiclesvary in efficiency with load differs significantly for fuel
in the NEI's 1999 database of 17.11 miles gattéfi33] and cell systems. For these reasons, vehicle efficiency depends
an average FFOV efficiency of 16% based on the lower heat-strongly on the driving patterns of the vehicle.
ing value (LHV) chemical energy in the fuel), and converting The average vehicle efficiencyy) across the 1999 U.S.
the energy required for propelling the vehicles into hydrogen FFOV fleet is estimated to be 16%. This value is based on
requirements based on an average hydrogen LHV vehicle effi-performance data of a Ford Motor Company ICE passenger
ciency of 46% Fig. 6 shows the resulting estimated annual vehicle with the same average mileage as that of the U.S.
hydrogen fuel consumption by county in the U.S. due to the fleet and on the simulation of this vehicle’s performance
replacement of all FFOV with HFCV. In total, HFCV would  over a typical U.S. driving cycl¢36]. Our study assumes
consume about 57 megatonnes (MT)y¢ar L. Onaverage,  similar vehicle performance as the Ford study: an average

each person would consume 200kg of y¢ar ! for on- engine efficiency of 20% (ratio of mechanical work output
road transportation. Current U.S. production is about 8 MT of crankshaft/LHV of fuel) and an average mechanical drive
H, year 1 and global production is about 50 MTiear{34]. train efficiency of 80% (ratio of effective motive energy of the

The mass of hydrogen consumed by vehicles per countyvehicle/mechanical output of enging3Y], giving an overall
per year fun,c) depends on the number of vehicle miles vehicle efficiency of 16% (0.28 0.80). This value of 16%
traveled per county per yea¥y;t) and the fuel consumption  precisely concurs with an estimate by Toyota Motor Corpora-

rate for HFCV £), according to tion for the current fleef38]. For comparison, Honda R&D
v estimates the efficiency of its newest FFOV tested against
MH,C = ﬂ, Q) the U.S. EPA's City Driving Cycle at 22989,40] (Also for
Fn comparison, the Ford study showed that it is more efficient
where from well-to-wheels to convert natural gas into hydrogen for
(MgvacLhﬁh) use onboard a HFCV than to use natural gas fuel directly in
Fh=—7"———"". an ICE because of the higher efficiency of the fuel cell system
(pgLgng) over that of the ICE and the high conversion of efficiency of
In these equationsyn,c is the mass of hydrogen con- natural gas to hydroger{31]
sumed by vehicles per county per year {kgyear?), The average vehicle efficiencyy) of a HFCV fleet is

VT the vehicle miles traveled per year per county®10 estimated to be 46%. The can be estimated from the fuel
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Fig. 6. Spatial distribution of estimated annual hydrogen fuel consumption by county in the United States resulting from the replacementldtielldossiad vehicles (FFOV) with hydrogen fuel-cell
vehicles (HFCV). H consumption per county plotted at the center of each county. Because U.S. counties in the West tend to be larger in area than those in the Eastdityedbdetsdn the West indicates
fewer counties with a larger area. (Legend in kton yéalight blue = 0-5; medium blue = 5-10; dark blue = 10-20; purple = 20-40; green = 40-80; yellow = 80-160; orange =| 60-320; magenta = 320-640;
red > 640 kton year'; 1 kton = 1E3 metric ton.) On-road vehicles would consume approximately 57 megatonnes (MT) of hydrogen fuel per year. (For interpretationesitis tefemlour in this figure legend,
the reader is referred to the web version of the article.)
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cell system efficiencyrf), the inverter efficiencysf), and only estimated47]. A detailed computer simulation study by

electric motor efficiencyrfy), according to Directed Technologies tested a natural gas-fueled ICE vehicle
. _ 5 and HFCV performance against different drive cycles, each
T = Ns i 1m @ of which emphasize various types of driving conditions (such

The fuel cell system efficiency)§) is the net quantity of ~ as city or highway driving.J48] The study concluded that
DC electrical power produced by the fuel cell power system the ratio of HFCV efficiency to FFOV efficiency could vary
per unit of hydrogen fuel input. The inverter efficienay)( over arange between 1.8 and 3.7. The value of 2.9 is close to
is the net quantity of AC electric power exiting the inverter the median of this range. Toyota has stated that the ratio of
per unit of DC electrical power received from the fuel cell their prototype HFCV's efficiency to the current fleets FFOV
system. The electric motor efficiency) is the mechani- efficiency is 3.1, and they intend to achieve a ratio of 3.8 for
cal output power of the motor for propelling the vehicle per future prototypef49]. Based on aliterature review of fuel cell
unit of AC electrical power input from the inverter. The fuel €efficiencies by Wang et. al, comparing advanced ICE vehicles
cell company Ballard produces hydrogen fuel cell systems for (notthe current fleet) with HFCV, the 2004 National Research
automotive use with a maximum efficiency of 48% (electrical Council report on the Hydrogen Economy assumes a ratio of
output from the system/LHV of hydrogen fu¢)?]. Ballard 2.4:1]50]. Comparing advanced ICE vehicles (notthe current
also produces inverters for fuel cell systems on board vehi- fleet) and HFCV, the Rocky Mountain Institute also estimates
cles which have an efficiency of 98p43]. Premium electric an efficiency ratio of 2.451]. However, all of these estimates
motors can achieve efficiencies as high as 97%. Multiplying could be considered on the lower end of the potential gain in
these three values leads to an estimated vehicle efficiencyfuel economy because they do not take into account potential
range of 46%. Toyota reports a tank-to-wheel efficiency of gains from a switch to a more modern “hyper-car” vehicle
their prototype HFCV of 50%44]. Honda R&D reports a  design, employing light-weight composite materials and low
tank-to-wheel efficiency for its 2005 ultra capacitor-assisted aerodynamic drag so as to reduce the required motive force
FCX prototype HFCV of greater than 50%, tested against of the vehiclg[52]. In analyzing the relative ratio of HFCV
the U.S. EPA’s City Driving Cycl¢40,45,46] Because these ~ and FFOV efficiencies, one of the variables that would impact
efficiencies are based on published product data sheets anéhis ratio the most (through a sensitivity analysis) is the type
industrial data from tested vehicles, they are very reason-of drive cycle they are subjected to.
able estimates of the best performance of a future HFCV.

As such, the use of an efficiency of 46% may be conserva- 2.6.3. Hydrogen compression for storage onboard

tive. Fig. 7 compares the tank-to-wheels vehicle efficiency vehicles

for three types of Honda vehicles tested against the EPAs  Hydrogen is stored onboard the vehicles as a compressed
City Driving Cycle: (1) a 2005 standard FFQV, (2) a 2005 gas for several reasons. First, high-pressure hydrogen stor-
hybrid FFQV, and (3) a 2005 HFCV prototype. age tanks are a well-developed technology and the most

A ratio of HFCV efficiency to FFOV efficiency of 2.9  prevalent method of hydrogen storage for HFCV prototypes.
(46%/16%) is within the range of reasonable estimates. As Second, compressed hydrogen storage requires significantly
emphasized by the 2004 NRC Report on Hydrogen, becausdess energy to create it (10% of the LHV of the fuel) com-
fuel cells are in their technological infancy in their develop- pared with cryogenic liquid hydrogen storage (requiring 30%
ment cycle, their efficiency can not be predicted accurately, of the LHV.) Also, compressed hydrogen storage requires

Comparison of Tank-to-Wheel vehicle Efficiencies
(Honda Motor Corporation)

2005 Honda Gasoline ICE Vehicle
2005 Honda Gasoline ICE Hybrid Vehicle

2005 Honda FCX Fuel Cell Vehicle

0% 10% 20% 30% 40% 50% 60%

Tank-to-Wheel vehicle Efficiency
(Tested Against U.S. EPA’s City Driving Cycle)

Fig. 7. Comparison of vehicle efficiencies for a new standard gasoline ICE vehicle, a new gasoline hybrid electric vehicle, and a new fuel cell vatticle,

by Honda. Vehicles were tested by Honda against the U.S. EPAs City Driving Cycle, which characterizes the velocity profile of American carsalriyting th
urban areas over time. Fuel cell vehicles have their maximum efficiency at lower powers, compared with gasoline ICE vehicles that have thesvedfatiency
spot at higher powers. For this reason in part, the ratio of fuel cell vehicle efficiency to gasoline ICE efficiency is expected to be higher oveinglegolds

(lower average power) than highway driving cycles (higher average power). The ratio of efficiencies may be less for highway driving. Honda’s 2605 FCX f
cell vehicle uses an ultracapacitor to recapture breaking energy and to manage the electrical load by the motor.
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Table 3
Volumetric and mass storage density estimates of three types of hydrogen storage systems: (1) compressed tanks, (2) cryogenic liquid tanéland (3) m
hydrides, based on 2005 technology

Hydrogen storage system Volumetric storage Volumetric storage energy Gravimetric storage energy
density (kg H L~1) density (kW h) 1) density (kw h)kg?)

Pressurized tanks (700 bar) 0.034 14 2

Cryogenic liquid tank (<22 K) 0.045 1.8 5.7

Metal hydride (low) 0.027 1 0.25

Metal hydride (high) 0.084 33 0.8

All of the ancillary components to the storage system, including the thermal management sub-systems, pipes, and valves are included in thghestimates
third and forth columns refer to the energy stored in the hydrogen fuel per liter and per unit mass of storage system including fuel, respectively.

approximately 10% of the energy as liquid hydrogen for This value forgn, assumes multi-stage compression, based
reheating before entering the vehicle’s fuel cell stge¥. on available compressor manufacturer’s devices, to between
Third, advanced compressed hydrogen tanks currently can200 and 800 bar. This compression energy value lies between
store hydrogen at 700 bf4], where they can achieve vol-  those for adiabatic and isothermal compression.

umetric storage densities of about 0.034 kglLH?, and

can thereby approach liquid hydrogen storage densities of g 4. Hydrogen released via leakage or incomplete
0.045kg B L~1, as shown inTable 3in the first column  .ombustion in the supply chain

“Volumetric Storage Density.” General Motors has developed  Hyqrogen scenarios must incorporate the potential effects
such advanced high-pressure compressed gas tanks madg hydrogen leakage because hydrogen (1) has a greater ten-

of reinforced carbon fiber compo_sitf-:- materials operating at dency to escape from confined spaces than do other gaseous
700 bar and demonstrated them in its 2005 Sequel fuel cellfye|s, (2) is likely to reside in the atmosphere for a long

car[55J. To_yota also has demonstrat.eq 700 bar high pressureime after leakage, (3) may act to reduce the protective
tanks in mlq-2005 that enable a cruising rang'e.of more Fhan ozone layer in the upper atmosphere (stratosphere), (4) may
500 km for its HFCV[56]. These storage densities are high ncrease the formation of the greenhouse gas methane, and
_enough to store enough mass to achieve a reaso_nable dr|v(5) may increase harmful ozone in the lower atmosphere
ing range. Fourth, to achieve pomparable range with FFQV, (troposphere). Hydrogen has a greater tendency to perme-
a compressed storage tank with a larger volume can be inte-zte small openings than other gaseous fuels do because it
grated into a HFCV with better utilization of space onboard s gne of the smallest molecules. Its diffusion coefficient
the vehicle through power train design and a higher packing iy ajr is 0.61 crd st at room temperature, compared with
factor through storage tank desigfi]. Fifth, compressed g 16 cn? -1 for natural gas. When hydrogen leaks into air,
hydrogen storage is less likely to leak or to release hydrogenit goes not combust with oxygen in air in low concentrations
into the atmosphere than liquid storage, which is estimated t0 5t room temperature. Its ignition limits in air are between 4
leak at a rate of 0.20968], which requires periodic venting  and 759% by volume andiits self-ignition temperature is 860 K.
of boiled-off gases to prevent vapor pressure build-up in the During leakage from high pressure storage tanks, hydrogen
tank (an additional loss), and which also leaks more hydro- yjj| gisperse much faster than other fuels will due to its high
gen during refueling due to b0|I-0ff_ (afurtherloss). Forliquid  5onjc velocity, 1300 mst compared with 450 ns for nat-
hydrogen tanks that have been in storage for several day§,ra| gas. As a result, many hydrogen leakage events will not
without use and then begin venting, hydrogen release is esti-jeaq to high enough concentrations for combustion. Once
mated at 1.0% per day over the venting peflefdl. Sixth, for - ascaped, hydrogen has a chemical lifetime in the atmosphere
the same quantity stored hydrogen, pressurized tanks weighys 4 5_10 years, but an overall lifetime of 2—3 years due
less and take up less volume compared with metal hydridemosﬂy to microbial uptake.

storage, as shown imable 3in the third and .forth columns. Hydrogen reacts with other molecules such that it may
labeled “Volumetric Storage EPergy Density” and “Gravi- affect the stratospheric and tropospheric chemistry. It (1)
metric Storage Energy Density.” They also probably cost|ess may reduce the protective ozone layer in the stratosphere
[60]. Finally, future hydrogen storage technologies are pro- hat shields the Earth from high levels of harmful ultraviolet
jecte_d to achieve higher storage der_lsmes with lower energy radiation, (2) may increase methane, a greenhouse gas, and
requirements, such that the assumption of compressed hydro(3) may increase poisonous ozone, an air pollutant, in the tro-

gen tanks for a future fleet is reasonable. . posphere. In the first case, it is hypothesized that hydrogen
~ The hydrogen compression energy{19ear) (A Hn,) may reduce stratospheric ozone by increasing stratospheric
IS water vapor, according to the reaction

AHy, = mu,cLhgh, 3) Hz+OH — H20 + H. (R1)

wheregn, is the hydrogen compression energy as a per- An increase in stratospheric water vapor can increase the
centage of the LHV of the fuel, assumed here to be Q6IQ. occurrence and size of Polar Stratospheric Clouds and
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aerosols, on which reactions that destroy stratospheric ozongeither on or off the vehicle). If a hydrogen tank fails via rup-
are initiated. ture or leakage, hydrogen is released. However, because tank
In the second case, it is hypothesized that hydrogen mayfailure is rare, hydrogen leakage associated with it is negli-
increases methane, a greenhouse gas, in the troposphergible. For example, since 1976, only 15 compressed natural
Hydrogen may react with OH by the reactii), such that gas (CNG) tanks have ruptured and only 20 have leaked for
the concentration of OH is reduced. The presence of OH the 1 million CNG vehicles worldwidg63].
might otherwise reduce the concentration of methane viathe From the hydrogen consumption information, estimates
reaction of leakage hydrogen for the HFCV scenarios were derived.
We consider an extreme case of 10% leakage of all hydro-
CH,+OH — CHs+H20. (R2) gen produced. Even considering all of the potential sources
In this way, an increased concentration of hydrogen in the of leakage above, a 10% leakage rate is an unlikely over-
troposphere may increase the concentration of methane. ~ estimate of the hydrogen leakage in a future hydrogen econ-
In the third case, scientists have proposed that hydrogenomy based on gaseous hydrogen transport and storage. In a

may increase tropospheric ozone by reaciibnthat pro-  liquid-based hydrogen economy, hydrogen may leak when
duces atomic hydrogen. Atomic hydrogen may in turn react transported from the production site to the truck, from truck
to increase ozone, by these reactions, to the fuel station, and from fuel station to the vehicle, partic-
ularly if the lines are warm, such that the cold liquid hydrogen
H+ O2+M — HO2+M (R3) vaporizes. Such a liquid hydrogen economy could result in
NO + HO» — NO, + OH (R4) a significant leakage ra{€é4]. However, this liquid hydro-
gen economy is also impractical because it is highly energy
NO2+hv— NO + O (R5) intensive (30% of the LHV of the fuel is required for liquefac-
O+ O,4+M — Os+M, (R6) tion, not including transport.) By contrast, in a gaseous-based

hydrogen economy, assumed here, a reasonable estimate of

where M is any air molecule that is neither created nor hydrogen leakage may be between 1.0 and 3.0%. Natural
destroyed by the reaction and takes away the extra energygas leaks from new infrastructure in the U.S. at a rate of
from the reaction, ankb represents a photon. However, while about 1.0%[65]. Because hydrogen is a smaller molecule
all of these reactions above are valid, the overall conclusion than methane, it may diffuse more easily and may leak at a
that hydrogen will have these net effects is not yet proven, greater rate. Ultimately, this leakage rate will be determined
and may be unjustified. Converting from fossil fuels to hydro- by economics, and market forces are unlikely to support the
gen has many feedbacks to climate not previously simulatedproduction of a resource that is then lost at a rate of 10%.
that may cause chemical reactions and produce feedbacks Anotherreason for considering an extreme hydrogen leak-
that could give the opposite conclusion. As a result, this age rate of 10% is that it introduces an additional element of
study focuses on the net changes in all emissions, not justconservatism with respect to energy consumption and emis-
an increase in a single one. sions production along all points in the HFCV supply chains.

For the HFCV scenarios, hydrogen may leak into the With the 10% leakage assumption, energy requirements for
atmosphere at various points in the hydrogen supply chain.producing hydrogen through electrolysis, steam reforming,
These include: (1) hydrogen productidfid. 4, process 4), or coal gasification will be over-estimates, as well as energy

(2) hydrogen pipeline transmission and distributi&ig( 4, requirements for transport of fuel and related raw material
process 5), (3) hydrogen compressidiig( 4, process 6), resources. This further leads to conservative conclusions.
(4) hydrogen storagéd-{g. 4, process 7), (5) fuel dispensing, We consider an upper bound on hydrogen leakage for illus-

(6) fuel storage onboard vehicle, (7) fueling system onboard trative purposes to demonstrate conservative conclusions. In
vehicle, and (8) fuel cell stack and system onboard vehicle. Of other words, if at such a high hydrogen leakage rate, the use
these, among the most crucial may be the last listed, hydro-of HFCV still reduces air pollution and greenhouse gases sig-
gen leakage onboard the vehicle at the fuel cell stack. Many nificantly, then at a lower leakage rate, the effects of HFCV
fuel cell systems currently must vent hydrogen gas and watercan only be less damaging. Hydrogen emission via leakage
vapor at the anode to prevent liquid water from building up (10° kg year 1) was calculated according to

at reaction sites and blocking them. As a result, in many fuel

cell system designs, hydrogen is periodically released from mn,_ | eak = mH,PEH, (4)

the stack. Another important source of hydrogen leakage is

pipeline transmission and distribution. These primarily affect wheremp,pis the mass flow rate of hydrogen produced at the
centralized production scenarios (coal) due to the longer dis-natural gas steam reformer, coal gasification plant, or elec-
tances hydrogen is conveyed over pipes. Leakage duringtrolyzerandnp, | eakis the mass flow rate of hydrogen leaked
distribution can be estimated by leakage at industrial hydro- in between its production and its consumption by the HFCV.
gen distribution facilities, one of which reports a leakage rate The total quantity of hydrogen emitted in ascenario is the sum
of only 0.10%[62]. Of the sources listed above, among the of the quantity leaked and the quantity emitted during incom-
least crucial is hydrogen release due to storage tank failureplete combustion, for example, at electric power pl§283.
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2.6.5. Emission during the production of incremental Table 4
electrical power Natural gas steam reformer
Emissions arise during the generation of electricity needed Emission Emission factor (kg of pollutantkg
for hydrogen compression and production. In the model, this of natural gas fuel)
energy is provided by electricity from the 1999 mix of sta- NOx 0.0000459
tionary power plants in the U.S., approximately 52% coal, CSHC 8-888880358
20% nuclear, 16% natural gas, 7.2% hydroelectric, 2.8% ail, N'eg”gible %5
2.0% non-hydro renewable, and less than 1% other fossil p4ticulates Negligible
fuels[66]. CH, 0.0000475

2.7. Scenario 2: hydrogen production via decentralized

natural gas steam reforming [71]. Equating emissions from decentralized steam reform-

ers with those from this commercial unit was a conservative
assumption because more advanced steam reformer designs
that incorporate more recent developments in catalysts and
chemically processed, and transmitted through pipelines t092s purification te.chnolog|e_s qould achieve lower emissions
yp gh pip [72—74] Carbon dioxide emissions were calculated based on

distributed fuel processing units (following, up to this point, the stoichi tric ratio of products t tants in the ch
the same fuel cycle currently in place for gas turbine power . € stoichiometric ratio of products to reactants in the chem-

plants and residential heating). The fuel processing units, ical reactions_involved_. Energy ne_eded for the enqloth_ermic
situated in similar locations as gasoline refueling stations, steam reforming reaction was aftained from the oxidation of

convert natural gas to hydrogen via a combination of steam meliharr]](_e.h ffici ¢ ¢ ith low heat |
reforming and fuel oxidatiofi67,68]. Purified hydrogen is orhigh etliciency steam reformers with low heat losses,

then compressed for use in HFCV. the mass flow rate of natural ga®ng) needed to produce

This scenario assumes decentralized steam reformers arglydrogen for the vehicle fleetis
located close to the source of hydrogen demand at the vehi- mu,cMcH,
cles. Compared with a centralized steam reformer scenario,”"NG = Mi,(1+ duey,) ®)
a decentralized steam reformer scenario is more practical to ¢
achieve in the medium-term and has a lower marginal costwhere Mcy,/My, is the ratio of the mass of methane con-
than a centralized one because: (1) it depends on the existinggumed to the mass of hydrogen produced during the steam
natural gas pipeline network rather than building a new net- reforming and water gas shift reactions apg,, is the
work of hydrogen pipelines requiring expensive reinforced percentage of additional methane burned to provide heat to
steels; (2) itcanrely on economies of scale in mass productionraise liquid water to steam for the steam reforming reaction
to bring down the manufacturing cost of the fuel reformers; (approximately 30%). Because the steam reforming reaction,
(3) itcanrely on existing refueling infrastructure with natural
gas steam reformers located at similar locations as present-CH4 +H20 — 3H2+ CO, (R7)
day gasoline or diesel refueling stations; and (4) it allows for 5nq the water gas shift reaction,
incremental growth of a network of hydrogen refueling sta-
tions. This decentralized natural gas refueling infrastructure CO 4+ H,O — H;+ COg, (R8)
parallels that already intellectually established for stationary

fuel cell systems converting natural gas to hydrogen with exhibit fast reaction kinetics in the presence of commercial
steam reformers and producing heat and poi§8r70}. In catalysts, it is reasonable to assume that the steam reform-

the model, the steam reformers were located at similar loca- N9 réaction produces three moles of molecular hydrogen per

tions to present-day refueling stations based on information mole of methane, and the water gas shift reaction prodgces
in the NEL. one mole of hydrogen for each mole of carbon monoxide

emanating from the steam reforming process. Combining
these last two reactions gives the overall steam reforming
reaction as

In this scenario, shown ifrig. 2, hydrogen is derived
from natural gas, which is extracted from gas fields, stored,

2.7.1. Emission during the production of hydrogen from
natural gas

Dec_entralized steam_reformers ghgmically convert ngtu- CHg + 2H,0 — 4H, + COy, (R9)
ral gas into a hydrogen-rich gas. Emission from decentralized
reformers were assumed to be those from United Technologywith a steam-to-carbon ratio of two. Although steam reform-
Corporation’s (UTC) PureCell steam reformer unit for its ing reactors may operate with an excess of steam in the input
200 kWe stationary hydrogen fuel cell system that produces to shift the equilibrium of the reaction towards hydrogen pro-
electric power and heat. This commercial steam reformer’s duction (Le Chatlier’s Principle), this excess steam in the
emission factors are shown ifable 4 They are based on input does not significantly affect the overall reaction above.
Federal and California State environmental testing of the Excess steam also does not affect the energy balance around
units, and are legally binding regarding their performance the reactor because it is typically condensed at the outlet to
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recapture the latent heat of vaporization. Under these assump- The number of wind turbines) to provide enough elec-

tions, the mass ratio is two: tricity for hydrogen production is estimated from

Mch H,

L =2 6 = MHCTh @)
Hz ETnacnLHnTIDNE

We derive an emission factor for the fuel reformer of 2.65 kg wherem,c is the total mass of hydrogen consumed by
CO, kgt of natural gas, which is consistent with UTC's g yehicles in the U.S. per year (57 MTyeaj, Hn, is the
estimate for their fuel reformer of 2.7 kg GRg~* of natural higher heating value of hydrogen (140 MJ#y, Et a single
gas[75]. , _ o turbine’s annual energy outpuac the efficiency of convert-
Fuel reformers can achieve high efficiency and low heat jn the turbine’s variable AC power to constant frequency AC
!osses_through a_varlety of design options. These_ include (~97%), nLi the efficiency of converting the turbine’s low
insulation, capturing solar thermal energy to provide heat y,o|tage electricity up to high voltage electricity for conveying
fpr the endothermm steam refqrmmg or methane dissocia- 5.rgss long distances-05%), 77 the high voltage transmis-
tion reactions76-78} and reusing waste heat from other gjon grid efficiency that includes losses due to resistance in
processes. Natural gas-to-hydrogen fuel reformers thgt INCOT-the wires (-97%)[81] 1o the low voltage transmission grid
porate either of the last of these two options can achieve ANefficiency including wire resistance-93%)[81], andre the

even higher efficiency, lower fuel consumption, and lower electrolyzer efficiency £73%) [82]. Et can be estimated
carbon dioxide emissions that the reformers assumed in thisgq 1y,

study.

Et = 8760P, (0.087V— P) (8)

2.7.2. Methane leakage D?
From the hydrogen consumption information, estimates of

leaked methane were derived. Methane is the primary con-WhereEr is in (kw h)year, 8760 is the number of hours
stituent in natural gas (typically 95% by volume), and also in @ year,P; the rated power of the turbine (kWy, the
a greenhouse gas with a 100-year global warming poten-mean annual Rayleigh distributed wind speed (#)sat
tially approximately 23 times that of carbon dioxi¢ie9]. turbine hub height, an® the diameter (m) of the turbine
Within the current supply chain for natural gas used to heat [83,84] General Electric produces a 3.6 MW turbine with
buildings and provide fuel for power plants, the estimated @ 104m blade[85]. In the presence of 7.75m% winds,
methane leakage rate for new pipeline infrastructure is 1.0% the turbine energy produced is estimated to be 10.8 million
of methane consumptiof80]. This leakage rate refers to (KW h)year™. The total number of turbines needed is about
the |eakage expected from the newest insta”ations Of gas340,000 The Iand area required fOI‘ eaCh Wlnd turbineS iS the
transport and processing technologies in the U.S., i.e. theProduct of 4D and 7084]. For the GE turbine, each tur-
incremental rate, not the average rate from current infras- Pine requires a land area of 0.30%krhe total area for these
tructure. We assume the same methane leakage rate foturbines to minimize interference is about 100,00Gkthe
new infrastructure to support a natural gas HFCV supply approximate land area of the state of Pennsylvania, which

chain. could be spread over land or ocean.
2.8. Scenario 3: hydrogen production via decentralized 2.9. Scenario 4: hydrogen production via centralized
wind electrolysis coal gasification

In this scenario, shown iig. 3 hydrogen is derived from In this scenario, shown ifrig. 4, hydrogen is derived

the electrolysis of water, powered by wind-generated elec- from coal, which is extracted from mines and chemically
tricity. The wind generated electricity is transmitted across processed into a hydrogen rich gas at centralized coal gasi-
the country to electrolyzers at distributed hydrogen refuel- fication plants. Carbon dioxide released at coal plants is
ing stations situated in the same locations as today’s gasolinenot sequestered, although the gasification plant technology
stations, according to NEI data. While electricity for the elec- assumed here would allow this. (Carbon sequestration refers
trolysis of water for hydrogen production is attained from to the long-term storage of carbon in the ground in geolog-
wind sources, electricity for compression of hydrogen is ical repositories, the oceans, or the biological surroundings
attained from the current mix of electric generation plants. such that carbon dioxide, the primary greenhouse gas, builds
Therefore, the main source of emission in this scenario is up in concentration in the atmosphere at a lower rate.) In the
conventional power plants. Because the compression energymodel, the coal gasification plants are situated in the same
is approximately 5.0% of the energy required for electrol- locations as conventional coal combustion plants for elec-
ysis, the assumption of using conventional generation for tricity production are situated today, according to NEI data.
compression power does not have a large impact on theHydrogen is then transmitted through pipelines to refueling
analysis. stations.
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2.9.1. Coal gasification process but rather steam turbines for electric generation. They also
Coal gasification for hydrogen production is a process of require additional electric power input from the grid.
chemically and thermally converting solid coal into a gaseous
mixture of primarily hydrogen, carbon monoxide, and other 2.9.2. Coal consumption at gasification plant
hydrocarbons such as methane. The gasifier converts coal The quantity of coal consumed at the gasification plant
into primarily H, and CO in the presence of steam at high is estimated from the hydrogen consumption requirements
temperature and pressure. For comparison, in a combustiorfor the vehicles. The mass flow rate of dry coalcpaL c)
process, the stoichiometric amount of oxygenis supplied suchconsumed at the centralized gasification plants for production
that the fuel can be completely oxidized to the full products of hydrogen for the vehicle fleet is
of combustion (CQ@ and H0O). By contrast, in a gasifica-
tion process, a much smaller quantity of oxygen is delivered mcoal ¢ = MH,C Mcoal
to the fuel, at a higher temperature and pressure, such that M,
the fuel can not completely combust and rather “partially whereMcoa/Mn, is the ratio of the mass of coal consumed
oxidizes” to the incomplete combustion products of CO and to the mass of hydrogen produced during coal gasification,
Hz. The exothermic partial oxidation of the fuel provides estimated here as 7.6. The mass of wet coal delivered to the

heat. The “incomplete combustion products” from gasifica- coal plant per county per year @kgyear?) is described
tion, CO and H, are referred to as syng#86]. As with according to

natural gas steam reforming discussed above, the water gas

shift reaction is used to shift CO in the presence of steam tomcoaLp = ————

additional 1. (1= vcoa)
Because coal is a hydrogen-deficient fuel, it must be com- wheremcoar p is the mass flow rate of wet coal delivered

bined with water or another source of hydrogen to be usedto coal plant (16kg year1), mcoaL c the mass flow rate of

as a fuel in hydrogen production. Coal has less hydrogendry coal consumed in gasification plant £1@ year1), and

per mole of carbon than do most other hydrocarbon fuels (a ¥ coaL the moisture content of wet coal =0.15.

hydrogen-to-carbon ratio near 0.80), as compared with lig-

uid hydrocarbons with a ratio near 2 (such as gasoline and2.9.3. Coal gasification plant emissions

diesel) and gaseous hydrocarbons with a ratio near 4 (such Coal gasification plant emissions are based on coal con-

as natural gas). For this reason, coal, when used as a feedsumption requirement3able 5shows the relevant emission

stock in hydrogen production, mustbe combined with another factors. Carbon dioxide emissions P4 year!) (mco,) are

hydrogen source such as water. As a result, the quantity ofquantified according to

greenhouse gas emissions (especiallyYa@d air pollutants

emitted from a coal gasification plant is highly dependent on "C% = 2.37mconL c. (1)

the steam to carbon ratio that the plant is assumed to operat§o, emissions (10kgyear?) (mno,) are calculated

at. At the same time, the more water added to the processyccording to

for hydrogen production, the more energy needed to raise the

steam and to break the hydrogen bonds. This energy is pro42No, = MCOAL_CYNO,- (12)

vided by the coal fuel, such that there is a maximum quantity

of hydrogen that can be produced from a given amount of coal

fuel input, assuming no additional source of thermal energy.
No advanced coal gasification plants maximized for

hydrogen production have been built to date in the U.S. As

a result, emission measurements or energy usage data fro

such aplant are not available. Consequently, the emission an

energy requirements for the plantin this model are based on ath

DOE study examining the reconfiguration of a coal gasifica-

tion plant from electricity production to hydrogen production

[87]. Emissions and energy use requirements are based on thi§able .

: 9)

MCOAL_C (10)

whereyno, is the emission factor for N&emanating from the
gasification plant per unit of coal fuel consumed. Emission of
CO, VOC, SQ@, and particles are calculated similarly using
the emission factors ifiable 5

.9.4. Coal gasification plant energy use

According to the DOE’s coal gasification plant design,
e plant must consume additional electric power for gasifi-
cation. The additional electric power required for running

Chemif:al engineering simulation study. _ _ Coal gasification plant

Unlike the natural gas steam reformers assumed in thlsE — —

e . . . mission Emission factor (kg of pollutantky

study, the coal ga3|f_|cat|on pl_ant designs assumed inthis study of dry coal fuel)
require a net electric power input from the grid. The_se 9asi- 55 25 50 0.000762
fication plants are maX|m|zed fpr hydlrogetn productlgn .and NO, as NG 0.000108
therefore follow a different design, with different emission co 0.00734
profiles, than prototype gasification plants builtin the U.S. for voc 0
electricity production. These gasification plants for hydrogen Particulates 0

2.37

production are assumed not to use downstream gas turbineé,:
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the gasification plant per county per year (kg year?)
(AHgasirication) is calculated as
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A HGASIFICATION = MCOAL_CHGASIFICATION:

wherehgasiFicarion is the additional electric power required
per unit of coal fuel consumed, 580,000 MJ k@ coal con-

sumed.

3. Results

3.1. Gaseous and particle emissions for each scenario

by category

Tables 6 through 8how gas and particle emissions from

(13)

and upstream hydrogen supply chain, (2) non-road mobile

sources, and (3) point and area sources, which include electric
power plants. Although the second category is constant across

scenarios, the first and third categories vary. HFCV emit only

water vapor and leaked hydrogen. However, the on-road vehi-

cles category includes upstream emission in the hydrogen
supply chain. These include steam reforming emission (CO,

NOy, HCHO, CH,;, COy), coal gasification emission (CO,
NOy, SG;, COy), Hz leakage, and, in the natural gas case,

CH4 leakage.

These tables also list HHCO,, and HO emission under
slightly different source categories: (1) on-road vehicles and

upstream hydrogen supply chain, (2) other sources, and (3)

electric power plants. For example, in the natural gas and
coal HFCV scenarios, Cfemission listed under the “on-

road vehicles” category refers to emissions from the steam

all anthropogenic sources from each of the four scenariosreformers and the coal gasification plants, respectively. Emis-
broken down into three main categories: (1) on-road vehicles sions due to electric power generation required for hydrogen

Table 6
Hybrid electric vehicle scenario emission production (metric ton'y®ar
Species On-road vehicles Non-road mobile Point and area sources including Total
sources electric power plants
Gases
Carbon monoxide (CO) 4.27E+07 2.28E+07 2.71 E+07 9.26E+07
Nitrogen oxides (NQ®) as NG 5.22E+06 4.02E+06 1.03E+07 1.96E+07
Organics
Paraffins (PAR) 2.43E+06 1.74E+06 8.75E+06 1.29E+07
Olefins (OLE) 1.11E+05 8.53E+04 2.75E+05 4.71 E+05
Ethylene (GHa) 1.57E+05 1.27E+05 5.58E+05 8.42E+05
Formaldehyde (HCHO) 3.06E+04 4,91 E+04 1.29E+05 2.09E+05
Higher aldehydes (ALD2) 1.19E+05 9.36E+04 7.34E+04 2.86E+05
Toluene (TOL) 2.27E+05 1.63E+05 2.11E+06 2.50E+06
Xylene (XYL) 3.21 E+05 2.19E+05 1.56E+06 2.10E+06
Isoprene (ISOP) 3.35E+03 2.05E+03 3.01 E+03 8.41 E+03
Total non-methane organics 3.40E+06 2.48E+06 1.35E+07 1.93E+07
Methane (CH) 5.46E+05 4.24E+05 5.10E+06 6.07E+06
Sulfur oxides (SQ) as SQ 1.88E+05 4.29E+05 1.74E+07 1.80E+07
Ammonia (NH;) 1.65E+05 3.25E+04 4.26E+06 4.46E+06
Hydrogen (H) 1.22E+06 6.49E+05 7.74E+05 2.64E+06
Particulate matter
Organic matter (OMs) 3.48E+04 8.89E+04 2.50E+06 2.62E+06
Black carbon (BG5) 6.26E+04 1.32E+05 3.69E+05 5.64E+05
Sulfate (SULE 5) 1.30E+03 6.12E+03 3.02E+05 3.09E+05
Nitrate (NIT,.5) 1.70E+02 7.05E+02 2.58E+04 2.66E+04
Other (OTH 5) 1.66E+04 6.16E+04 8.17E+06 8.25E+06
Total PMp 5 1.15E+05 2.89E+05 1.14E+07 1.18E+07
Organic matter (ONb) 4.96E+04 9.71 E+04 5.60E+06 5.74E+06
Black carbon (BGp) 7.38E+04 1.44E+05 7.10E+05 9.28E+05
Sulfate (SULFp) 2.06E+03 6.69E+03 4.82E+05 4.90E+05
Nitrate (NIT10) 2.17E+02 7.72E+02 6.99E+04 7.09E+04
Other (OTHy) 2.53E+04 6.72E+04 3.74E+07 3.75E+07
Total PMyo 1.51 E+05 3.16E+05 4.43E+07 4.48E+07
Species On-road vehicles Other sources Electric power plants Total
Carbon dioxide (CQ) 1.06E+09 1.70E+09 2.23E+09 4.98E+09
Water (HO) 3.99E+08 6.38E+08 8.38E+08 1.87E+09
CO, equivalent (low) 1.05E+09 1.70E+09 2.27E+09 5.02E+09
CO; equivalent (high) 1.07E+09 1.74E+09 2.72E+09 5.53E+09
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Table 7
Natural gas hydrogen fuel cell vehicle (HFCV) scenario emission production (metric torfyear
Species On-road vehicles and Non-road mobile Point and area sources including Total
upstream H supply chain sources electric power plants
Gases
Carbon monoxide (CO) 5.35E+02 2.28E+07 2.72E+07 4.99E+07
Nitrogen oxides (NQ) as NQ 7.49E+03 4.02E+06 1.06E+07 1.46E+07
Organics
Paraffins (PAR) 0.00E+00 1.74E+06 8.48E+06 1.02E+07
Olefins (OLE) 0.00E+00 8.54E+04 2.67E+05 3.52E+05
Ethylene (GHa) 0.00E+00 1.27E+05 5.58E+05 6.85E+05
Formaldehyde (HCHO) 1.07E+02 4.91E+04 1.30E+05 1.79E+05
Higher aldehydes (ALD2) 0.00E+00 9.36E+04 6.91 E+04 1.63E+05
Toluene (TOL) 0.00E+00 1.63E+05 2.01 E+06 2.17E+06
Xylene (XYL) 0.00E+00 2.18E+05 1.41 E+06 1.62E+06
Isoprene (ISOP) 0.00E+00 2.06E+03 2.95E+03 5.01 E+03
Total non-methane organics 1.07E+02 2.48E+06 1.29E+07 1.54E+07
Methane (CH) 2.12E+06 4.25E+05 5.08E+06 7.63E+06
Sulfur oxides (SQ) as SQ 0.00E+00 4.29E+05 1.80E+07 1.85E+07
Ammonia (NH) 0.00E+00 3.24E+04 4.26E+06 4.29E+06
Hydrogen (H) 6.31 E+06 6.49E+05 7.74E+05 7.74E+06
Particulate matter
Organic matter (OM\s) 0.00E+00 8.89E+04 2.50E+06 2.59E+06
Black carbon (BGs) 0.00E+00 1.32E+05 3.70E+05 5.03E+05
Sulfate (SULE 5) 0.00E+00 6.15E+03 3.03E+05 3.09E+05
Nitrate (NIT,.s) 0.00E+00 7.02E+02 2.58E+04 2.65E+04
Other (OTH.5) 0.00E+00 6.13E+04 8.18E+06 8.24E+06
Total PMp s 0.00E+00 2.89E+05 1.14E+07 1.17E+07
Organic matter (OlNb) 0.00E+00 9.67E+04 5.60E+06 5.70E+06
Black carbon (BGo) 0.00E+00 1.44E+05 7.13E+05 8.57E+05
Sulfate (SULHy) 0.00E+00 6.70E+03 4.83E+05 4.90E+05
Nitrate (NITyo) 0.00E+00 7.76E+02 7.00E+04 7.08E+04
Other (OTHy) 0.00E+00 6.40E+04 3.75E+07 3.75E+07
Total PMyg 0.00E+00 3.12E+05 4.43E+07 4.46E+07
Species On-road vehicles and Other sources Electric power plants Total
upstream H supply chain
Carbon dioxide (CQ) 4.49E+08 1.70E+09 2.36E+09 4.50E+09
Water (HO) 5.11E+08 6.38E+08 8.85E+08 2.03E+09
CO; equivalent (low) 4.98E+08 1.70E+09 2.39E+09 4.58E+09
CO; equivalent (high) 4,98E+08 1.74E+09 2.85E+09 5.08E+09

compression and coal gasification plant operation are In all HFCV scenarios, gas and particle emissions decreased
included in the electric power plants category, which also significantly. The reduction in gas emission is similar for
includes emission from electric power for other purposes all HFCV scenarios, regardless of the method of producing
in the economy. The tables listbB® emission for all HFCV hydrogen, due primarily to the elimination of FFOV emis-
scenarios of about 510 megatonnes (MBI Hear !, based sion. The reduction in particle emission is also similar for
on the uniform hydrogen consumption in all vehicles of all HFCV scenarios. Hybrid emission reductions are only
57 MTyear ! H, after leakage. The water vapor produced slightly less than the base case for most pollutants.
in the HFCV scenarios is the same for all three cases forthe For the four scenarios, particle emission decreased
vehicles and upstream hydrogen supply chain. The steamsignificantly more in terms of number concentration than
reforming and coal gasification processes consume rathemmassTable 10shows a relatively small reduction in particle
than produce water. Inthe coal HFCV case, additional water is mass because most particle mass was emitted by sources not
produced by combustion at electric power plants for the addi- affected by the LCA. These include electric power plants,
tional electricity needed to run the coal gasification plants. boilers, furnaces, process plants, road dust, and agricultural
dust. The reductions shownTable 1Q while not significant
3.2. Net change in gaseous and particle emissions in terms of particle mass, are significant in terms of the
particle number concentration and human hef88]. The
Table 10shows the net change in emission for each sce- particles that were removed from the four scenarios were
nario compared with the base case of the 1999 vehicle fleet.primarily FFOV particles, which tend to be small. Small
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Table 8
Wind electrolysis hydrogen fuel cell vehicle (HFCV) scenario emission production (metric tortyear
Species On-road vehicles and Non-road mobile Point and area sources including Total
upstream H supply chain sources electric power plants
Gases
Carbon monoxide (CO) 0.00E+00 2.28E+07 2.72E+07 4.99E+07
Nitrogen oxides (NQ) as NG 0.00E+00 4.02E+06 1.06E+07 1.46E+07
Organics
Paraffins (PAR) 0.00E+00 1.74E+06 8.48E+06 1.02E+07
Olefins (OLE) 0.00E+00 8.54E+04 2.67E+05 3.52E+05
Ethylene (GHa) 0.00E+00 1.27E+05 5.58E+05 6.85E+05
Formaldehyde (HCHO) 0.00E+00 491 E+04 1.30E+05 1.79E+05
Higher aldehydes (ALD2) 0.00E+00 9.36E+04 6.91 E+04 1.63E+05
Toluene (TOL) 0.00E+00 1.63E+05 2.01 E+06 2.17E+06
Xylene (XYL) 0.00E+00 2.18E+05 1.41 E+06 1.62E+06
Isoprene (ISOP) 0.00E+00 2.06E+03 2.95E+03 5.01E+03
Total non-methane organics 0.00E+00 2.48E+06 1.29E+07 1.54E+07
Methane (CH) 0.00E+00 4.24E+05 5.08E+06 5.51 E+06
Sulfur oxides (SQ) as SQ 0.00E+00 4.29E+05 1.80E+07 1.85E+07
Ammonia (NH) 0.00E+00 3.24E+04 4.26E+06 4.29E+06
Hydrogen (H) 6.31 E+06 6.49E+05 7.74E+05 7.74E+06
Particulate matter
Organic matter (OMls) 0.00E+00 8.89E+04 2.50E+06 2.59E+06
Black carbon (BG5s) 0.00E+00 1.32E+05 3.70E+05 5.03E+05
Sulfate (SULE 5) 0.00E+00 6.15E+03 3.03E+05 3.09E+05
Nitrate (NIT,.5) 0.00E+00 7.02E+02 2.58E+04 2.65E+04
Other (OTH.5) 0.00E+00 6.13E+04 8.18E+06 8.24E+06
Total PMp 5 0.00E+00 2.89E+05 1.14E+07 1.17E+07
Organic matter (OlNb) 0.00E+00 9.67E+04 5.60E+06 5.70E+06
Black carbon (BGp) 0.00E+00 1.44E+05 7.13E+05 8.57E+05
Sulfate (SULFp) 0.00E+00 6.70E+03 4.83E+05 4.90E+05
Nitrate (NIT10) 0.00E+00 7.76E+02 7.00E+04 7.08E+04
Other (OTHy) 0.00E+00 6.40E+04 3.75E+07 3.75E+07
Total PMyo 0.00E+00 3.12E+05 4.43E+07 4.46E+07
Species On-road vehicles and Other sources Electric power plants Total
upstream H supply chain
Carbon dioxide (CQ) 0.00E+00 1.70E+09 2.36E+09 4.05E+09
Water (HO) 5.11E+08 6.38E+08 8.85E+08 2.03E+09
CO, equivalent (low) 0.00E+00 1.70E+09 2.39E+09 4.09E+09
CO; equivalent (high) 0.00E+00 1.74E+09 2.85E+09 4.58E+09

particles cause greater damage to human health (per unitoal-HFCV scenario. These values are shown as positive in
mass of emission) than do large particles, because smaltthe HFCV cases iable 10(except for CQ). With respectto
particles permeate human tissue (such as the lungs) morg1), SQ,increases by about 2.0% in the wind and natural gas-
readily[89]. Also, due to the close proximity between people HFCV scenarios as a result of the increased electrical power
and vehicles, more people are exposed to vehicle exhausneeded for hydrogen compression, supplied by the current
than to, for example, power plant exhaust. Thus, although power plant generation mix (52% coal). In the coal-HFCV
the HFCV scenarios did not remove much particle mass, scenario, SQincreases even further to 5.4% due to: (1) the
they removed a significant particle number concentration additional electric power needed to run the coal gasification

having a potentially large impact on health. plant and (2) the coal gasification process itself which emits
SCO. Also with respect to (1), bl emission increases with

3.3. Net change in emissions for HFCV in comparison respect to hybrids because the assumededkage rate of

with hybrids 10% in the HFCV scenarios results in a 143% increase in

H,. By contrast, H emitted in the hybrid case decreases due
Regardless of the source of fuel, HFCV reduce almost all to greater fuel economy and consequently less incomplete
air pollutant and greenhouse gas emissions to a greater extentombustion at the vehicle. Additionally, with respectto (1), in
than do hybrids, as shownTiable 10 The only exceptionsto  all HFCV scenarios, water vapor emission increase slightly
thisinclude: (1) SQ, Hy, water vapor in all HFCV scenarios, by between 2 and 3%. Water vapor emission is higher in
(2) CHg inthe natural gas HFCV scenario, and (3)Qothe the HFCV scenarios primarily due to a relative increase in
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Table 9
Coal gasification hydrogen fuel cell vehicle (HFCV) scenario emission production (metric tortyear
Species On-road vehicles and Non-road mobile Point and area sources including Total
upstream H supply chain sources electric power plants
Gases
Carbon monoxide (CO) 3.52E+06 2.28E+07 2.72E+07 5.35E+07
Nitrogen oxides (NQ) as NG 5.18E+04 4.02E+06 1.07E+07 1.48E+07
Organics
Paraffins (PAR) 0.00E+00 1.74E+06 8.48E+06 1.02E+07
Olefins (OLE) 0.00E+00 8.54E+04 2.67E+05 3.52E+05
Ethylene (GH4) 0.00E+00 1.27E+05 5.58E+05 6.86E+05
Formaldehyde (HCHO) 0.00E+00 491 E+04 1.30E+05 1.79E+05
Higher aldehydes (ALD2) 0.00E+00 9.36E+04 6.91E+04 1.63E+05
Toluene (TOL) 0.00E+00 1.64E+05 2.01E+06 2.17E+06
Xylene (XYL) 0.00E+00 2.18E+05 1.41 E+06 1.62E+06
Isoprene (ISOP) 0.00E+00 2.06E+03 2.95E+03 5.01 E+03
Total non-methane organics 0.00E+00 2.48E+06 1.29E+07 1.54E+07
Methane (CH) 0.00E+00 4.24E+05 5.08E+06 5.51 E+06
Sulfur oxides (SQ) as SQ 3.65E+05 4.22E+05 1.83E+07 1.91E+07
Ammonia (NH) 0.00E+00 3.21 E+04 4.26E+06 4.29E+06
Hydrogen (H) 6.41 E+06 6.49E+05 7.75E+05 7.84E+06
Particulate matter
Organic matter (Olls) 0.00E+00 8.88E+04 2.50E+06 2.59E+06
Black carbon (BGs) 0.00E+00 1.32E+05 3.71 E+05 5.03E+05
Sulfate (SULE 5) 0.00E+00 6.11E+03 3.03E+05 3.09E+05
Nitrate (NIT2.5) 0.00E+00 7.00E+02 2.58E+04 2.65E+04
Other (OTH.5) 0.00E+00 6.16E+04 8.19E+06 8.25E+06
Total PMp s 0.00E+00 2.89E+05 1.14E+07 1.17E+07
Organic matter (ONb) 0.00E+00 9.69E+04 5.60E+06 5.70E+06
Black carbon (BGo) 0.00E+00 1.44E+05 7.14E+05 8.58E+05
Sulfate (SULFy) 0.00E+00 6.80E+03 4.83E+05 4.90E+05
Nitrate (NI1T10) 0.00E+00 7.70E+02 7.00E+04 7.08E+04
Other (OTHy) 0.00E+00 6.47E+04 3.75E+07 3.75E+07
Total PMio 0.00E+00 3.13E+05 4.43E+07 4.46E+07
Species On-road vehicles and Other sources Electric power plants Total
upstream H supply chain
Carbon dioxide (C®) 1.14E+09 1.70E+09 2.40E+09 5.24E+09
Water (HO) 5.11E+08 6.38E+08 9.02E+08 2.05E+09
CO, equivalent (low) 1.13E+09 1.70E+09 2.43E+09 5.26E+09
CO; equivalent (high) 1.13E+09 1.74E+09 2.89E+09 5.76E+09

combustion products at electric power plants. By contrast, analysis and the results presentedrable 10suggest that
the hybrid scenario emits less water vapor due to a relative environmental benefits with respect to air pollution and
decrease in fuel consumption and products at the vehicle.greenhouse gases could be more significant for HFCV than
With respect to (2), Chlemission increases in the natural gas hybrid ICEs, as a result of the elimination of incomplete
HFCV scenario by 21% due to the assumed methane leakageombustion products at the vehicle and the higher efficiency
rate of 1.0% of consumption in the upstream hydrogen fuel of the fuel cells compared with engines. Also, according
supply chain. CHincreased by 1.3 MT yeat. With respect to another 2004 article in the same journal, “[Hydrogen
to (3), CQ emissions are slightly higher in the coal-HFCV vehicles fueled by hydrogen produced from natural gas
scenario than in the hybrid scenario due to an increase jn CO via steam reforming] represents only a modest reduction
emissions at the coal gasification plant that comes close toin vehicle emissions as compared to emissions from cur-
offsetting the decrease in G@missions at the vehicle. rent hybrid vehicles.T90] The results presented ifable 10
Except for these specific cases, HFCV reduce all air pol- suggest a significant reduction in well-to-wheels emissions
lutant and greenhouse gas emissions to a greater extent thafor a natural gas-HFCV scenario compared with a hybrid
do hybrids, even if fueled by fossil fuels such as natural one.
gas and coal. A 2004 editorial article in a prestigious sci-
ence journal suggested that, “[A]s long as hydrogen for 3.4. Net change in hydrogen emissions
fuel cell cars is provided from fossil fuels, much the same
environmental benefits can be gained by adopting hybrid  Hydrogen emission increased significantly in all HFCV
gasoline-electric and advanced diesel engingd] This scenarios, compared with the base case of the current
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Table 10
Percentage change from the 1999 conventional vehicle fleet change in emission production from the 1999 FFOV base case as a function of allianthroprogen
(man-made) sources

Species Hybrid electric internal HFCV and natural HFCV and wind HFCV and coal
combustion engine (%) gas (%) electrolysis (%) gasification (%)
Gases
Carbon monoxide (CO) -17.14 —55.29 —55.30 —-52.13
Nitrogen oxides (NQ) as NG -10.73 —33.18 —33.23 —32.50
Organics
Paraffins (PAR) —-7.81 —27.10 —27.10 —27.10
Olefins (OLE) —-9.57 —32.43 —32.43 —32.43
Ethylene (GH4) -7.72 —24.86 —24.86 —24.85
Formaldehyde (HCHO) —6.18 —19.68 —19.72 —19.63
Higher aldehydes (ALD2) —-15.73 —51.98 —51.98 —51.98
Toluene (TOL) —-3.92 -16.71 -16.71 -16.67
Xylene (XYL) —6.44 —27.69 —27.69 —27.69
Isoprene (ISOP) —-15.20 —49.54 —49.54 —49.54
Total non-methane organics —-7.33 —26.24 —26.24 —26.24
Methane (CH) -3.89 20.88 -12.75 -12.74
Sulfur oxides (SQ) as SQ -0.48 2.05 2.05 5.37
Ammonia (NHs) -1.63 -5.25 -5.25 —5.25
Hydrogen (H) —-17.14 142.98 142.98 146.14
Particulate matter
Organic matter (OMs) -0.59 -1.78 -1.78 -1.75
Black carbon (BGs) —4.76 —15.08 —15.08 —14.99
Sulfate (SULE5) -0.21 -0.32 -0.32 -0.23
Nitrate (NIT.5) -0.29 -0.82 -0.82 -0.79
Other (OTH.5) -0.09 -0.15 -0.15 —0.08
Total PMp 5 —0.44 -1.26 -1.26 -1.21
Organic matter (ONb) -0.39 -1.18 -1.18 -1.14
Black carbon (BGp) —3.45 -10.87 -10.87 -10.77
Sulfate (SULFp) -0.19 -0.35 -0.35 -0.24
Nitrate (NITyg) -0.14 -0.38 -0.38 -0.37
Other (OTHy) -0.02 -0.03 -0.03 0.00
Total PMyg -0.15 -0.41 -0.41 -0.38
Species
Carbon dioxide (CQ) —5.96 —15.03 —23.50 —-1.19
Water (HO) —6.00 1.97 1.97 2.85
CO; equivalent (low) —5.86 —14.00 —23.33 —-1.33
CO; equivalent (high) —-5.562 -13.25 -21.75 -1.64

CO; equivalent refers to the weighted sum of the mass of @@l CH, gases, where CHs weighted by its global warming potential relative to £Qver a
100-year period, Cilis estimated to have a global warming effect on the climate 23 times greater than that.of CO

vehicle fleet, with the assumption of 10% hydrogen leakage recorded in the NEI. Based on a CO emission of 62 MT
— an upper bound for the leakage rate. Based on uniform COyear?! and 0.0285 units of mass ofHber unit of mass
hydrogen production of 63 MT fiear ! before leakage, a  of CO for combustion processg3], the base case conven-
10% leakage rate results in total of 6.3 ME year ! leaked, tional fleet emitted 1.8 MT Kyear L. This corresponds to
as shown inTables 7 through 9n practice, the natural gas a hydrogen leakage rate from a HFCV scenario of approx-
and wind scenarios would probably emit less hydrogen thanimately 3%. Also a result of incomplete combustion, on-
the coal scenario, because the decentralized production ofoad mobile sources and point and area sources including
hydrogen by natural gas steam reformers and electrolyzerselectric power plants also emittec s a result of incom-
results in significantly less hydrogen transmission and plete combustion, equivalent to a hydrogen leakage rate of
distribution piping infrastructure, and leakage is partly a approximately 2%. Therefore, at more realistic hydrogen
function of gas transmission distance. leakage rates (<3%), a HFCV fleet would leak less hydro-
Hydrogen was emitted in the base case via incomplete gen than the current vehicle fleet emits due to incomplete
combustion at: (1) vehicles and (2) electric power plants. combustion.
Because CO andthre both products of incomplete combus- The hybrid scenario resulted in reduceg $ince b is a
tion, the quantity of H emitted from the 1999 conventional fossil-fuel combustion product, so reducing fossil-fuel emis-
vehicle fleet was derived from the quantity of CO emission sions reduced Femission.
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3.5. Net change in water vapor emissions representation of vehicle fuel overestimates water vapor pro-
duced by FFOV.)
As shown in Table 1Q total water vapor emission As aresult, a HFCV fleet may decrease water vapor emis-

decreased slightly in the hybrid case (by 6%) and increasedsions from 520 to 540 MT b year ! with a FFOV fleet to
slightly in all HFCV scenarios (by 2—3%). In all scenarios 510 MT year ! H,O for a HFCV, a slight decline. The actual
(hybrid and HFCV), water vapor emission decreased at the change in water vapor emission depends on the ratio of effi-
vehicles compared with the base case. However, inthe HFCVciencies (or fuel consumption) of the vehicle fleets. Finally,
scenarios, the total water vapor emission increased across thé water vapor emissions were genuinely an environmental
entire supply chain due to an increase in consumption of elec-concern, a HFCV fleet could be designed to completely elim-
trical power for hydrogen compression and production. These inate water vapor emissions from vehicles to zero. A HFCV
conventional fossil-fuel electric plants produced water as a fuel cell stack operates at low temperatureg80°C), such
product of combustion. that water vapor in the stack’s exhaust gases could be easily
At the vehicle, emission of water vapor decreased slightly condensed to liquid water.
for all HFCV scenarios, as shown by conservation of mass  To summarize, any HFCV fleet scenario may result in
calculations. According to assumptions of this analysis a slight decrease in water vapor emission from the vehi-
regarding the relative efficiency of FFOV and HFCV, a 1999 cles, depending on the relative efficiencies of the HFCV and
FFOV fleet that consumes approximately 450 MTyéar FFOV. However, overall water vapor emission may increase
gasoline and diesel fuel would equate to a HFCV fleet that slightly due to the production of water at upstream conven-
consumes about 57 MT yedr hydrogen fuel, as discussed tional power plants that are needed to provide electricity for

in Section2.6.2 “Hydrogen Consumption by Vehicles.” hydrogen compression and coal gasification. At the same
Within a fuel cell, each mole of hydrogen (2 gHcon- time, a HFCV fleet could be designed to produced no water
sumed produces one mole of water vapor (1&®H by the vapor emissions, only liquid water as a product. Hybrids also
reaction reduce water vapor emission because of their lower fuel con-
sumption. Atthe same time, water vapor emission from these

H2+0.50; — H20 + electricity + heat (R10)  scenarios should be benchmarked against the natural global-

scale emission rate of water vapor, approximately five orders

i ; —1 1
Given a ratio of 9kg of HOkg™ of Hy, 57 MTyear= H, of magnitude greater than that released by vehidls

consumed at the HFCV produces about 510 MT y&&t,0.

By contrast, combustion of vehicle fuel can be approxi-
mated by stoichimetric combustion. Gasolingldz s#) and
lightdiesel (GH1.a,) [35] fuels represent 78 and 22% of 1999
fuel consumption in vehiclg91], respectively. A molar mix-
ture of the two fuels weighted by their relative consumption
in vehicles is CH gs. Stoichiometric combustion of Chs
described by,

3.6. Net change in carbon dioxide emissions

If FFOV were replaced with HFCV, total annual U.S. emis-
sion of CQ is estimated to decrease by approximately 800,
1300 and 60 MT in the natural gas, wind, and coal scenar-
ios, respectively. These numbers result in a reduction ip CO
emission from all anthropogenic sources of 15, 24 and 1.0%
CHigs+ 1.4625Q — CO, +0.925H,0 + heat  (R11) in the natural gas, wind and coal scenarios, respectively. The

natural gas and coal scenarios can achieve more significant
such that one mole of fuel (14 g of Glds) consumed pro-  CO, reductions if the carbon is sequestered, although this
duces one mole of C£J44 g of CQ) and 0.93 mole of water  might be more practical for a centralized plant than for decen-
vapor (17 g of HO). Thus, for every 450 MT yeat fuel tralized ones. Compared with FFOV, HFCV would produce

consumed in FFOV, approximately 540 MT,8lyear® is some additional C@due to the electric power required for
produced. Another estimation method can be based on thethe compression and processing of hydrogen, but less CO
ratio of emitted water to emitted GO(0.38 kg of BO kg1 on the road during vehicle operation and during direct fuel
of COp) and the quantity of C@emitted by the fleet. Then,  processing in the Hsupply chain, as shown ifable 11

for every 1400 MT year! CO; produced in FFOV, 520 MT An important result from this analysis is that €O

HoOyear? is produced. (The use of octane as a chemical emission could be reduced significantly even if the hydrogen

Table 11

Carbon dioxide (C@) emission (MT year?) 1999 Hybrid HFCV and HFCV and HFCV and
vehicle fleet electric ICE natural gas wind coal

On-road vehicles and upstream upply 1371 1055 449 0 1136

Electric power plants 2231 2231 2356 2356 2403

Other sources 1698 1698 1698 1698 1698

Total 5300 4984 4503 4054 5237
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economy relies on a fossil fuel such as natural gas for FFOV base case. The figures reflect a 4% decrease in CH
hydrogen production, without carbon sequestration. The emission in the hybrid scenario, a 21% increase in the nat-
primary reasons for this are: (1) a high energy conversion ural gas-HFCV scenario, and the 13% decrease in the wind
efficiency in converting natural gas to hydrogen via the and coal scenario&ig. 9 shows the location of COemis-
steam reforming reaction, (2) a retention of the majority of sions from on-road vehicles, in thefuel supply chain, and
the energy in natural gas fuel within the hydrogen bonds from power plants, combined. Not included are other anthro-
of the hydrogen fuel, (3) a relatively high steam to carbon progenic sources, which are the same for all scenarios. The
ratio in the production of natural gas such that a large figures reflect a decrease of 9, 22, 35 and 2% in the hybrid,
percentage of the mass of hydrogen originates from water, natural gas, wind, and coal HFCV scenarios, respectively.
(4) a high energy conversion efficiency at the fuel cell from We quantify the environmental impact of emissions
the chemical energy of the hydrogen fuel to electricity, related to global warming by calculating the carbon dioxide
(5) higher efficiencies with electric drive trains compared equivalent (the CQequivalen) Of @ mixture of emitted gases
with mechanical ones, and (6) a relatively low carbon to and particles. The CQquivalentis defined as the COmass
hydrogen ratio in natural gas fuel {83.8:No.1n) compared that would warm the Earth to an equal extent as that mixture
with gasoline (GH1.8m) per molecule and per unit of energy  of emissions it refers to. CQquivalentquantifies the warm-
[35]. Gasoline has approximately 1.6 mol C/J fuel compared ing effect of different quantities and types of emissions. We
with 1.3 mol C/J fuel for natural gas, on a LHV basis. developed the following equation to describe theggdivalent
over a 100-year period92,1]
3.7. Net change in greenhouse gas emissions CO2 equivatent= M0, + 23mciy, + 296m,0 + almon 25
Figs. 8 and $how the spatial distribution of emitted green- +mpc_25) — BlmsuLF.25 + mNIT_ 25
house gases GHand CQ. Fig. 8 shows the Clj emission
from all anthropogenic sources by latitude and longitude for
the hybrid, natural gas, wind, and coal cases, relative to the (14)

+ 0.40msqy + 0.10mpnox + 0.05mvoc].

T b
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Fig. 8. (a) Spatial distribution of the difference in methane {Cémissions between a hybrid electric fossil fuel on-road vehicle (FFOV) fleet scenario and

the base case (1999 FFOV) scenario, (b) same as (a), except the comparison is between a hydrogen fuel cell vehicle fleet (HFCV) where the hydrogen fuel
produced from natural gas fuel and then contrasted against emissions from the base case, (c) same as (b), except the hydrogen is derived framewind, (d) s
as (b), except the hydrogen is derived from coal. The scales are the same for each figure except in (b) the natural gas case, due to the increasdhismethane i
case.
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Fig. 9. (a) Spatial distribution of the difference in carbon dioxide £§C€nissions between a hybrid electric fossil fuel on-road vehicle (FFOV) fleet scenario

and the base case (1999 FFOV) scenario, (b) same as (a), except the comparison is between a hydrogen fuel cell vehicle fleet (HFCV) where theé hydrogen fue
is produced from natural gas fuel and then contrasted against emissions from the base case, (c) same as (b), except the hydrogen is derived §amewind, (d

as (b), except the hydrogen is derived from coal. The scales are the same for each figure.

The termm is the mass of each gaseous or particle 6, 14, 23 and 1%, respectively, as shown in the last two rows
species emitted. For examphlegy 2.5 refers to the mass of  of Table 10 These rows show high and low estimates for the
organic matter 2.;m in diameter and smaller. We report change in CQequivalentoased on high and low coefficients.
CO; equivalenthighs fora =191 andg =19, and CQequivalent For reducing the global warming effect, the most attractive
lows fora =95 ands = 191, reflecting the range of these coef- scenario is wind, followed by natural gas.
ficients. The species with positive coefficients warmthe Earth  Although in the natural gas scenario gHemission
and ones with negative coefficients cool it. The coefficients increased due to leakage, the potential global warming effect
(23, 296,¢, and B) represent the global warming potential of the combined gases was still lower than in the base case.
(GWP) of each emission over a 100-year period, which esti- Considering only C@, the mass of C® emitted would
mates the relative global warming contribution of a unit mass decrease by 15%, as shown in the forth to last rofhadile 10
of a particular emission compared to the emission of a unit However, in the combined analysis of Hj,, and other
mass of CQ. For example, over a 100-year period, £id greenhouse gases, the mass obgdadvaentwould decrease
estimated to have a global warming effect on the climate 23 by between 13 and 14%, as shown in the last rowsbfe 10
times greater than that of G®ecause it selectively absorbs Therefore, the increase in Glemission through leakage did
infrared radiation and then re-emits it back to Earth more not negate the decrease in &€nission in terms of the poten-
readily [93]. The formula does not consider hydrogen or tial global warming potential of the combined gases. The 1%
water vapor because hydrogen’s global warming potential methane leakage had a small effect (1%) on changing the
(if any) is still being determined by researchers and anthro- CO, equivalent effect of the gases. Therefore, the second
pogenic water vapor is a fraction of the total from global most attractive option for reducing greenhouse gas emission
natural sources. is the natural gas scenario.

Based on this calculation, replacing the U.S. conventional
fossil fuel vehicle fleet with hybrid electric vehicles or with  3.8. Analysis of uncertainties
HFCV with their fuel derived from natural gas, wind or coal
may reduce the potential global wanning climate effect of = The reductions in air pollution found here were insensi-
combined emissions from these scenarios by approximatelytive to the energy efficiency performance characteristics of
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HFCV and upstream hydrogen supply chain technologies. of emissions associated with air pollution would decrease,
The primary driver behind the reduction in air pollution was including nitrogen oxides (N§), volatile organic compounds
the reduction in emission from FFOV themselves. Air pol- (VOCSs), particulate matter (PM and PM 5_109, ammonia
lution reductions could become more sensitive to upstream (NHgs), and carbon monoxide (CO). Similar reductions in air
hydrogen supply chain technologies if prototype coal gasifi- pollutant emission were achieved with a fossil fuel such as
cation plants for hydrogen production prove to emit a greater natural gas as with a renewable source such as wind. Second,
quantity of harmful pollutants than DOE computer simula- replacing FFOV with hybrid electric vehicles or with HFCV
tion studies suggest. with their fuel derived from natural gas, wind or coal would
Reductions in air pollution are slightly sensitive to the reduce the global warming impact of greenhouse gases and
precision of emission estimates in the NEI. However, the particles (measured in GGequivalent emission) by about
uncertainty in reported NEI emissions has never been calcu-6, 14, 23 and 1%, respectively. Assuming reliance on con-
lated due to the complexity of the datab§&4]. Uncertainty ventional power plants for electricity needed in the hydrogen
in reported particle emission in the NEI is probably greater supply chain, this HFCV fleet would produce some additional
than for gases. Particle emissions are probably underesti-CO, emission at the power plants compared with the FFOV
mated. However, even if reported emissions in the NEI were base case due to the electric power required for the com-
a significant percentage greater or less than the actual val-pression of hydrogen. However, over the entire supply chain
ues, this error would have little effect on our fundamental including vehicle operation, the HFCV fleet would produce
conclusions. less CQ emissions. Finally, even if HFCV are fueled by a
The results of this analysis with respect to emission of fossil fuel such as natural gas, no carbon is sequestered, and
COy, Hp, and KO are sensitive to HFCV energy efficiency 1% of methane in the feedstock gas is leaked to the environ-
characteristics, primarily the electrical efficiency of the vehi- ment, this scenario still achieves a significant 14% reduction
cles and the steam to carbon ratio used in hydrogen pro-in CO, equivalent greenhouse gas emission and reduced air
duction. The electrical efficiency of HFCV could reasonably pollution over the 1999 FFOV fleet. This result emanates
vary between a range of 36 and 56% of the LHV of hydro- from: (1) the lower quantity of carbon in natural gas per unit
gen fuel, depending on technological progress, economics,of fuel energy as compared with gasoline or diesel fuel, (2)
vehicle design, and the particular drive cycle the vehicle is a high energy conversion efficiency in converting natural gas
subjected to. The steam-to-carbon ratio could vary for either to hydrogen via the steam reforming reactions, (3) the higher
natural gas steam reforming or coal gasification depend- efficiencies of electric drive trains over mechanical ones, and
ing on process plant design. By contrast, the tank-to-wheel (4) the higher efficiency and lower emission profile of fuel
efficiency of the current vehicle fleet — 16% — and the well-to- cell systems over internal combustion engines. All proposed
tank efficiency of the current gasoline and diesel fuel supply scenarios — either hybrid or fuel cell — significantly reduce
chain — 88% — were not significant sources of uncertainty. air pollution and global warming compared with the current
fleet.
Also, four key misconceptions can be corrected. First, at
4. Conclusion realistic hydrogen leakage rates (<3%), a HFCV fleet would
leak less hydrogen into the atmosphere (not more) than the
This study examined the potential change in emissions current on-road vehicle fleet releases due to incomplete com-
and energy use from replacing fossil-fuel on-road vehicles bustion. Second, over arange of realistic efficiencies,aHFCV
with hybrid electric vehicles or hydrogen fuel cell vehicles. fleet would emit about the same amount of water vapor as
For the HFCV scenarios, this study analyzed the resultantthe current on-road fleet (not more) and could potentially
emissions and energy usage from three different hydrogenemit none if the water vapor in the fuel cell system’s low
production methods: (1) steam reforming of natural gas, (2) temperature exhaust was condensed. Third, although a liquid
electrolysis powered by wind energy, and (3) coal gasifica- hydrogen based economy may be “leaky” in terms of both:
tion. The netchange in emissions was derived using the EPA's(1) energy losses and (2) the unintentional loss of hydrogen
National Emissions Inventory and a life cycle assessment ofto the atmosphere, a gaseous hydrogen based economy can
the different hydrogen fuel supply chains. be designed to be both energy efficient and low in hydrogen
Three important results can be highlighted from this anal- leakage (<3%). Finally, although hydrogen economies can be
ysis. First, for a range of reasonable HFCV efficiencies and designed to be energy inefficient and highly polluting, they
methods of producing hydrogen, replacing the current fos- can also be designed to increase energy efficiency and reduce
sil fuel on-road vehicle fleet (FFOV) with a hydrogen fuel emissions, as shown by the HFCV scenarios here.
cell vehicle fleet would result in a significant reduction in
air pollutant emission, even in comparison with a switch to
hybrid-electric gasoline vehicles, due to the elimination of Acknowledgements
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