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Abstract

Vehicles burning fossil fuel emit a number of substances that change the composi-
tion and chemistry of the atmosphere, and contribute to global air and water pollution
and climate change. For example, nitrogen oxides and volatile organic compounds
(VOCs) emitted as byproducts of fossil fuel combustion are key precursors to ground-5

level ozone and aerosol formation. In addition, on-road vehicles are major CO2 emit-
ters. In order to tackle these problems, molecular hydrogen (H2) has been proposed
as an energy carrier to substitute for fossil fuel in the future. However, before imple-
menting any such strategy it is crucial to evaluate its potential impacts on air quality
and climate. Here we evaluate the impact of a future (2050) H2-based road transporta-10

tion sector on tropospheric chemistry and air quality for several possible growth and
technology adoption scenarios. The growth scenarios are based on the high and low
emissions Intergovernmental Panel on Climate Change Special Report on Emissions
Scenarios, A1FI and B1, respectively. The technological adoption scenarios include
H2 fuel cell and H2 internal combustion engine options. The impacts are evaluated with15

the Community Atmospheric Model Chemistry global chemistry transport model (CAM-
Chem). Higher resolution simulations focusing on the contiguous United States are
also carried out with the Community Multiscale Air Quality Modeling System (CMAQ)
regional chemistry transport model. For all scenarios future air quality improves with
the adoption of a H2-based road transportation sector, however, the magnitude and20

type of improvement depend on the scenario. Model results show that with the adop-
tion of H2 fuel cells decreases tropospheric burdens of ozone (7 %), CO (14 %), NOx
(16 %), soot (17 %), sulfate aerosol (4 %), and ammonium nitrate aerosol (12 %) in the
A1FI scenario, and decreases those of ozone (5 %), CO (4 %), NOx (11 %), soot (7 %),
sulfate aerosol (4 %), and ammonium nitrate aerosol (9 %) in the B1 scenario. The25

adoption of H2 internal combustion engines decreases tropospheric burdens of ozone
(1 %), CO (18 %), soot (17 %), and sulfate aerosol (3 %) in the A1FI scenario, and de-
creases those of ozone (1 %), CO (7 %), soot (7 %), and sulfate aerosol (3 %) in the B1
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scenario. In the future, people residing in the contiguous United States are expected
to experience significantly fewer days of elevated levels of pollution if a H2 fuel cell
road transportation sector is adopted. Health benefits of transitioning to a H2 economy
for citizens in developing nations, like China and India, will be much more dramatic
particularly in megacities with severe air-quality problems that are exacerbating.5

1 Introduction

Fossil fuel combustion in on-road vehicles emits a number of pollutants directly into
the surrounding air. The exhaust air contains nitrogen oxides (NOx=NO+NO2), car-
bon monoxide (CO), volatile organic compounds (VOCs), and particulate matter. These
byproducts can have adverse impacts on human health. For example, sustained high10

levels of NO2 have an adverse impact on the respiratory system; elevated CO con-
centrations degrade the ability of blood to transport oxygen (e.g. WHO/Europe, 2003).
In addition, NOx, CO and VOCs are precursors to the formation of ground-level ozone
(O3), which adversely impacts human health and ecosystems in a number of ways. Par-
ticulate matter, which raises concern of physiological hazard, is either directly released15

in the form of soot (black carbon) or formed indirectly from gaseous pollutants through
a series of photochemical and physical processes (sulfate and secondary organics). In
the United States on-road vehicles rank first in NOx and CO emissions and second in
VOCs emissions among all source sectors (US EPA, 2009). In the future the on-road
vehicle fleet is expected to become an increasingly important contributor to ambient air20

pollution.
Molecular hydrogen (H2) has been proposed as an alternative energy carrier for on-

road vehicles since it has higher energy efficiency and much cleaner oxidation prod-
ucts. Since H2 fuel cells emit only water vapor (H2O), tailpipe emissions of NOx, CO,
VOCs, and soot associated with fossil fuel combustion are eliminated. In addition to25

being oxidized in fuel cells, H2 can also be burned in internal combustion engines. In
this paper, the impact of the H2 internal combustion engines option will be investigated
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for the first time. Vehicles powered by H2 internal combustion engines emit no CO,
VOCs, or soot but do emit NOx. Additionally in each of these scenarios some H2 is
emitted due to leakage during its production, distribution, and storage. Given these
reductions in tailpipe pollutant emissions it is reasonably foreseeable that transition-
ing the world’s road traffic from fossil fuel powered vehicles to H2 powered vehicles5

could substantially improve air quality and climate provided that the H2 is produced
by non-polluting methods, e.g. wind, solar, nuclear power, hydroelectricity or, promis-
ingly, photocatalytic and photoelectrochemical dissociation of water (Abe, 2010) and
microbial reverse-electrodialysis electrolysis cells (Kim and Logan, 2011). Even if H2
is generated conventionally from fossil fuel, it would be easier to control the pollutant10

emissions from H2 production since they would be emitted from relatively few locations
and the produced CO2 could be sequestered. This paper aims at quantitative evalua-
tion of the potential environmental impacts of such a transition.

Tropospheric H2 concentrations are currently around 530 ppbv (Novelli et al., 1999),
making it second to CH4 as the most abundant oxidizable gas in the atmosphere (Con-15

stant et al., 2009). The primary sources of H2 are fossil fuel and biofuel combustion,
biomass burning, ocean emissions, and photolysis of formaldehyde. Bottom-up inven-
tories estimate its source as ∼75 TgH2 yr−1 (Ehhalt and Rohrer, 2009). Its largest sink
(∼80 %) is microbial uptake in soils, with oxidation by OH in the atmosphere making up
the remainder of its loss (Constant et al., 2009). Its uptake by microbes in soil, despite20

its importance, is not well understood and is subject to large uncertainties. Observa-
tions show a correlation between the H2 and CO deposition velocities (Conrad and
Seiler, 1985; Liebl and Seiler, 1976; Yonemura et al., 1999, 2000). Recently there are
attempts to examine microbial H2 uptake by different soil types under a variety of con-
ditions (e.g. Smith-Downey et al., 2008; Constant et al., 2008). It is known that the H225

uptake depends on soil moisture and temperature among a number of factors. How-
ever, there still remains relatively large uncertainty in variation among ecosystems, the
controlling factors, and how to map these to global ecosystems.
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H2’s total atmospheric lifetime is estimated to be 1 to 2 yr (Constant et al., 2009;
Ehhalt and Rohrer, 2009; Novelli et al., 1999; Price et al., 2007) and its lifetime with
respect to OH loss is ∼8 yr (Ehhalt and Rohrer, 2009). The latitudinal gradient of H2
concentrations is unique from many other trace gases with ∼3 % higher average con-
centrations in the Southern Hemisphere (SH) than in the Northern Hemisphere (NH).5

This is thought to be due to the greater soil microbial uptake over land in the NH (Ehhalt
and Rohrer, 2009). Since there are no clear long term trends (Constant et al., 2009;
Ehhalt and Rohrer, 2009), a conversion to a H2-based road transportation sector could
elevate atmospheric H2 concentrations to values not previously experienced.

Initial studies on the environmental impacts of a H2 economy focused mainly on10

the possible adverse effects of increased H2 on stratospheric ozone. Using a two-
dimensional model, Tromp et al. (2003) found that in an assumed world with a H2-
based energy source with a perhaps unrealistically large H2 leakage rate (∼12 %), the
surface H2 concentration of 2.3 ppmv would lead to 3 %∼8 % polar spring stratospheric
ozone loss due to a decrease in lower stratosphere temperature. Later studies found15

a much smaller impact (less than 1 %) on stratospheric ozone (Warwick et al., 2004)
and instead focused on the relatively large improvements in tropospheric air quality
due to the reduction in ozone precursor emissions.

A 3-D modeling study by Schultz et al. (2003) suggested a H2 fuel cell road traf-
fic fleet in ca. 2000 would reduce human emissions of NOx and CO by half, resulting20

in 3 %, 6 %, 5 % and 29 % decrease in tropospheric CO, OH, O3 and NOx, respec-
tively; tropospheric H2 burden increased by 28 % assuming a 3 % leakage rate. War-
wick et al. (2004) reported a 2.2 % decrease in tropospheric O3 in a H2 economy based
on a 2-D modeling study. Jacobson et al. (2005) compared the environmental impact
of a 1999 hydrogen on-road vehicle fleet in the US by means of steam reforming of25

natural gas, wind electrolysis, and coal gasification; they found the wind and natural
gas options have the best desired environmental improvement.

Although H2 is not a direct greenhouse gas and its utilization could provide oppor-
tunities to offset CO2 emissions, concern has arisen due to its indirect greenhouse
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potential (e.g. Prather, 2003). Through its reaction with OH, increases in H2 concen-
tration could decrease the oxidizing capacity of the troposphere and hence increase
the CH4 lifetime. CH4 is an ozone precursor and a long-lived greenhouse gas that is
25 times more powerful than CO2 in terms of integrated radiative forcing over a 100-yr
time horizon. Currently its radiative forcing is second only to that of CO2 (IPCC, 2007).5

Derwent et al. (2006) estimated that the climate impact of 1 % leakage of H2 is 0.6 %
of that of the replaced CO2.

The impact of the reductions in ozone precursor emissions may be significant on
the oxidizing capacity of the troposphere as well. Taking this effect into account, the
decrease in tropospheric OH abundance ranges from 0 % to 12 %, and the increase10

in CH4 lifetime ranges from 0 % to 26 %, depending on the specific scenario assumed
(Jacobson et al., 2008; Schultz et al., 2003; Warwick et al., 2004).

All of these previous studies were based on the then current (ca. 2000) background
atmosphere, focused on a conversion of the then current infrastructure, and assumed
an immediate transition to hydrogen technology. The transition to hydrogen based en-15

ergy delivery will, in real-world practice, require the development of a massive industrial
H2 production capacity and substantial changes to the energy delivery infrastructure
and there are still a number of technological barriers yet to overcome. Considering the
time needed to make the current infrastructure H2-compatible we evaluate the impacts
of a transition occurring in the future to allow reasonable time for the infrastructure20

changes to occur. Thus we assume that in the coming decades road transportation will
transform to H2 powered such that the transition will be complete by 2050. That is, all
on-road vehicles operating in 2050 will be powered by H2.

In this study we assess the impact on the composition and chemistry of the tropo-
sphere in 2050 due to 100 % conversion of the road transportation system from fossil25

fuel to H2. To accomplish this we develop 2050 emissions scenarios for continued
use of fossil fuel and for a H2-based transportation sector. The emissions scenarios
encompass several possible growth and technology adoption paths. The growth sce-
narios are based on the high and low emitting Intergovernmental Panel on Climate
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Change (IPCC) Special Report on Emissions Scenarios (SRES), A1FI and B1, re-
spectively. The technological adoption scenarios include H2 fuel cell and H2 internal
combustion engine options. The impacts of these emissions are evaluated using the
Community Atmosphere Model with Chemistry (CAM-Chem) three-dimensional global
climate-chemistry model. In addition, we evaluate the air quality impact over the con-5

tiguous United States using the Community Multiscale Air Quality Modeling System
(CMAQ) regional air quality model. The development of the emissions scenarios is dis-
cussed in Sect. 2, the models are described in Sect. 3, and the results are presented
in Sect. 4.

2 Emission scenarios10

Emissions of a given species are often estimated based on emissions factors, which
relate the emissions of a given pollutant to an activity, and the level of the activity. Thus
projections of future emissions are based on projections of the change in the activity
level and changes in the emissions factors. Commonly, the activity factors include pop-
ulation, energy usage, and GDP. Since there are large uncertainties in projecting the15

change in each of these activities over time, there are also relatively large uncertainties
in the emissions estimates based on them. To bracket the possible evolution pathways
of the future emissions, we develop scenarios based on the highest (A1FI) and lowest
(B1) IPCC SRES emissions scenarios (IPCC, 2000). In the A1FI scenario, the world
is assumed to evolve with rapid economic growth and rely intensively on fossil fuel;20

whereas in the B1 scenario the world’s economic structures are projected to become
more service and information intensive. For each of these two IPCC growth scenarios
(A1FI and B1), three emission scenarios with different technologies were developed:
(1) the baseline (BL) scenario is the reference scenario for 2050 in which fossil fuel
powered vehicles are still the dominant mode of road transportation. (2) The H2 fuel25

cell (H2-FC) scenario, in which the energy demands of the road transportation sector
are met by H2 fuel cell technology. In this scenario H2 emissions due to leakage as well
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as reductions in combustion-related emissions of H2, NOx, VOCs, CO, SO2, and soot
are included. (3) The H2 internal combustion engine (H2-ICE) scenario, in which the
energy demands of the road transportation sector are met by H2 using internal com-
bustion technology. In this scenario, H2 emissions due to leakage as well as reductions
in combustion-related emissions of H2, VOCs, CO, SO2 and soot are included; how-5

ever, there are no reductions in NOx emissions because NOx is still a byproduct of
internal combustion process regardless of the type of fuel. For each IPCC scenario,
an additional scenario, baseline+H2 (BL+H2), was developed. In this scenario H2
leakage emissions into the atmosphere was included but all other emissions remain
the same as in the baseline scenario. This scenario, though not realistic, is designed10

as a sensitivity study which allows the evaluation of the impact of H2 emission alone
versus the impact of the reduction in ozone precursor emissions on tropospheric com-
position and chemistry.

The future baseline (BL) emissions are calculated by scaling the current fossil fuel
combustion emissions by regionally dependent growth scale factors from the appli-15

cable IPCC scenario. The included species are NOx, CO, SO2 and several NMVOCs
(non-methane VOCs), namely, CH2O, CH3OH, CH3CHO, C2H4, C2H6, C2H5OH, C3H6,
C3H8, CH3COCH3 (acetone), C4H8O (methyl ethyl ketone), C4H10, C5H8 (isoprene),
C10H16, BIGALK (lumped species for alkanes with four or more carbon atoms), BI-
GENE (lumped species for alkenes with four or more carbon atoms), and TOLUENE20

(lumped species for aromatic compounds). Emissions of these species are prepared
from the Precursors of Ozone and their Effects in the Troposphere (POET) emissions
dataset, which is based on version 3 of the Emission Database for Global Atmo-
spheric Research (EDGAR) inventory (Olivier et al., 2003; Granier et al., 2005). This
dataset represents the period between 1990 and 2000. Soot emissions are from Bond25

et al. (2004), derived from 1996 fuel-use data.
To estimate H2 emissions from fossil fuel combustion, which are not included in the

IPCC scenarios or POET, we use a H2 : CO mass emission factor of 0.03 and the
corresponding CO emissions. There is a relatively large uncertainty in the H2 : CO mass
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emission ratio from fossil fuel use including automobile traffic. Estimates range from
∼0.01 (Simmonds et al., 2000) to ∼0.07 (Seiler and Zankl, 1975). Other estimates are
0.025–0.032 (Barnes et al., 2003) and 0.026–0.043 (Vollmer et al., 2007). For this study
we choose a mid-value of 0.03 and assume it remains constant over time.

In the scenarios involving H2 technologies, we estimate H2 emissions from leak-5

age using a top-down approach based on a H2 leakage rate and the amount of H2
needed to meet the projected transportation energy demands in 2050. H2 demand for
road transportation is calculated assuming both the H2-FC and the H2-ICE vehicles
would have comparable efficiencies as fossil fuel vehicles in 2050 due to technology
improvement, such that H2-powered vehicles will consume the same amount of energy10

as that of the year 2050 “business-as-usual” fleet in the IPCC A1FI and B1 scenar-
ios. Total H2 demand is then calculated assuming a 120 MJkg−1 energy density of
hydrogen. Current estimates of the H2 leakage rate are in the 1 % to 4 % range (e.g.
Schultz et al., 2003; Colella et al., 2005). Here we assume a H2 leakage rate of 2.5 %.
To date, confidence in the current knowledge of H2 leakage rates is low and we are15

not aware of any real-world measurements of the leakage rates. Our estimate is in
line with estimated leakage from natural gas production, supply and delivery systems.
Knowledge of actual leakage rates, their dependence on technological sophistication,
and how they will change in the future is one of the key uncertainties in estimating
future hydrogen leakage emissions. The total H2 emissions for a given scenario are20

then obtained by replacing the road transportation H2 emissions from fossil fuel com-
bustion with the H2 leakage emissions for the H2 scenarios. H2 leakage emissions are
distributed according to current CO2 road transportation emissions from the EDGAR
emissions inventory with higher H2 leakage emissions over more densely populated
areas such as the Eastern United States, Western Europe, parts of India and Eastern25

China.
For all of the H2 scenarios (BL+H2, H2-FC, and H2-ICE) H2 leakage emissions are

included. In the H2-FC scenarios, the road transportation emissions of H2, CO, NOx,
NMVOCs, SO2, and soot are removed from the total baseline (BL) emissions. In the
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H2-ICE scenarios, the emissions of the same species as in the H2-FC scenarios are
reduced except for NOx, which is still emitted with the ICE technology option.

Biomass burning emissions are from the Global Fire Emissions Database version 2
(GFED-v2) (van der Werf et al., 2006) and are assumed to remain at their 2000 levels
as are emissions from other sources, e.g. ocean and biogenic emissions.5

Annual global emissions of key species of current (2000) and 2050 (baseline and
H2 scenarios) are summarized in Fig. 1. Global emissions increase in the 2050 A1FI
baseline (A1FI BL) scenario for H2 (42 %), CO (35 %), NMVOCs (28 %), NOx (115 %),
SO2 (10 %), and soot (67 %) relative to 2000. In the 2050 B1 baseline (B1 BL) scenario,
global emissions decrease from 2000 for H2 (19 %), CO (10 %), NMVOCs (6 %), SO210

(7 %), and soot (12 %); NOx emissions increase by 5 %.
In the A1FI scenarios with a H2 road transportation sector, global H2 emissions in-

crease by 81 % relative to the 2050 A1FI baseline scenario, or increase by 157 % from
the 2000 emissions. Meanwhile, global emissions in the 2050 H2-FC and H2-ICE sce-
narios decrease for CO (25 %), NMVOCs (14 %), NOx (29 % in H2-FC; 0 % in H2-ICE),15

SO2 (3 %) and soot (17 %), compared to the 2050 A1FI baseline scenario. If compared
with the 2000 emissions, in a 2050 A1FI world with a H2 road transportation sector
emissions increase, for CO (1.6 %), NMVOCs (10 %), NOx (53 % in H2-FC), SO2 (7 %)
and soot (39 %), to a lesser extent than in the A1FI baseline scenario.

In the B1 scenarios with a H2 road transportation sector, global H2 emissions in-20

crease by 64 % relative to the 2050 B1 baseline scenario, or increase by 33 % from the
2000 emissions. Concurrently, global emissions in the 2050 H2-FC and H2-ICE scenar-
ios decrease for CO (10 %), NMVOCs (8 %), NOx (24 % in H2-FC; 0 % in H2-ICE), SO2
(3 %) and soot (8 %), compared to the 2050 B1 baseline scenario. If compared with
the 2000 emissions, in a 2050 B1 world with a H2 road transportation sector emissions25

decrease, for CO (19 %), NMVOCs (13 %), NOx (20 % in H2-FC), SO2 (10 %) and soot
(19 %), to a greater extent than in the B1 baseline scenario.

These emissions are input to the model as monthly varying maps at the model res-
olution.
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3 Model description

For the global model simulations in this study we use the Community Atmo-
sphere Model with Chemistry (CAM-Chem) three-dimensional climate-chemistry model
(Lamarque et al., 2005; Pfister et al., 2008). CAM-Chem’s chemistry module is
based on the chemical component of the Model for OZone And Related chemical5

Tracers (MOZART). MOZART was described and extensively evaluated by Horowitz
et al. (2003), and has been employed in a number of studies (e.g. Huang et al., 2008;
Lin et al., 2008a,b; Tie et al., 2005). It contains a comprehensive tropospheric gas
phase and aerosol chemical mechanism and includes 119 species and 300 reactions.
CAM-Chem uses a bulk aerosol method and includes organic carbon, black carbon,10

sulfate, and ammonium nitrate aerosols. Based on the observed correlation between
H2 and CO deposition velocities (Conrad and Seiler, 1985; Liebl and Seiler, 1976;
Yonemura et al., 1999, 2000), we adopt a H2 deposition velocity equal to twice the
CO deposition velocity.

For this study, the global atmosphere is divided into grids with a horizontal resolution15

of 1.9◦ latitude by 2.5◦ longitude and 26 vertical layers extending from the surface to 3-
millibar level (∼40 km altitude). The meteorology is prescribed by climate model output
data from Community Climate System Model (CCSM) which corresponds to the climate
state of the mid-1990s. We choose to use this meteorology since our focus in this study
is on air quality and photochemistry influenced impacts due to changes in emissions.20

Previous studies (e.g. Lin et al., 2008a; Wu et al., 2008) have shown that future climate
changes will likely have less effect on air quality than the future changes in emissions.
The model is integrated with a time step of 30 min. After completion of one year’s cal-
culation, the meteorology field is repeated for the next year. This method allows the
impact of changes in emissions to be investigated excluding the possible influences of25

changes in meteorology. The 2050 monthly mean lower boundary CH4 concentrations
are scaled from the 2000 value (annual mean 1776 ppbv) to the concentrations pro-
jected by IPCC (2001) in 2050, 2668 ppbv for the A1FI scenario and 1881 ppbv for the

19381

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/19371/2012/acpd-12-19371-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/19371/2012/acpd-12-19371-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 19371–19421, 2012

Part 1: Tropospheric
composition and air

quality

D. Wang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

B1 scenario. The model is run for eight years and has reached steady state, that is,
year-to-year relative difference of key species is less than 1 %. Our analysis is based
on results from the last year of simulation.

In order to assess the regional air quality impacts of a H2-based road transportation
sector on the contiguous United States with finer resolution, we use the Community5

Multiscale Air Quality Modeling System (CMAQ) version 4.6. The CMAQ model was
initially released to the public by the United States Environmental Protection Agency
(US EPA) in 1998 and has undergone many revisions and improvements since (e.g.
Appel et al., 2007, 2008). The CMAQ modeling system was designed to approach air
quality as a whole by including state-of-the-science capabilities for modeling multiple10

air quality issues, including tropospheric ozone, fine particles, toxics, acid deposition,
and visibility degradation. For this study the CMAQ horizontal resolution is 30 km by
30 km with 22 vertical layers from the surface to 13 km, with a relatively finer resolu-
tion in the boundary layer with 5 layers in the first km. The meteorological data driving
CMAQ is from a climate version of the MM5 model (CMM5; e.g. Liang et al., 2001) for15

the year 1995. For this study CMAQ uses the Carbon Bond 5 gas phase photochem-
istry package (Luecken, et al., 2008; Sarwar, et al., 2008) with 56 species and 156
reactions. The aerosol chemistry package is coupled to the gas phase chemistry pack-
age and contains 34 transported aerosol modes. The aerosol package represents the
particle size distribution as the superposition of three lognormal modes. The processes20

of coagulation, particle growth by the addition of new mass, and particle formation are
included. Time stepping is done utilizing an analytical solution to the differential equa-
tions for the conservation of number and species mass conservation. The simulation
was carried out with a 12 min dynamical timestep and the chemistry package using
a 2.5 min sub-timestep. Detailed descriptions of the mechanisms, algorithms, and im-25

plementation are available in the CMAQ scientific documentation (Byun and Schere,
2006). Boundary conditions for the CMAQ model simulations are taken from the corre-
sponding global tropospheric model simulations. The CMAQ simulations are performed
for the BL, H2-FC, and H2-ICE scenarios for each IPCC scenario.
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4 Model results and discussion

Overall, H2 concentrations increase substantially in all H2 scenarios and air quality
improves with the adoption of a H2-based road transportation sector; however, the
magnitude and quality of improvement depends on the scenario. Each relevant species
is discussed in detail below.5

4.1 Molecular hydrogen

In all of the scenarios examined in this study, average tropospheric H2 concentrations
are greater in 2050 than they are in 2000. In the A1FI baseline scenario the annual
average global mean concentration is 839 ppbv (Table 1). In this scenario the NH emis-
sions are strong enough to offset the stronger soil sink in this hemisphere, leading10

to a reverse in the inter-hemispheric gradient, i.e., higher NH mean H2 concentration
(∼850 ppbv) than SH (∼830 ppbv). Annual-mean ground-level H2 mixing ratios range
from 720 ppbv to more than 1 ppmv (Fig. 2a). Higher concentrations are located in
highly urbanized and/or industrialized regions such as Northeastern United States, Cal-
ifornia, Western Europe, Korea, Japan and Eastern China, while lower concentrations15

appear over mid-latitude continents of the SH. The maximum/minimum pattern reflects
the forcing of the H2 emissions from human activities and the large H2 microbial soil
sink.

In the A1FI H2 technology scenarios (BL+H2, H2-FC, and H2-ICE), global mean H2
concentrations increase substantially from the baseline scenario by ∼40 %, to up to20

∼1170 ppbv (Table 1). This increase is because the H2 leakage emissions are much
greater than the replaced fossil fuel H2 emissions in the baseline scenario. In the H2-
FC scenario the south to north H2 inter-hemispheric gradient is even larger than in the
BL scenario (Fig. 2b) since H2 emissions increased more in the NH than in the SH due
to the asymmetric intensity of road transportation activities between the hemispheres.25

The background surface H2 mixing ratio increases by at least 40 % in the NH and by at
least 35 % in the SH, reaching about 1.2 ppmv in the NH and 1.15 ppmv in the SH. The
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highest H2 concentrations (greater than 1.6 ppmv) are in Eastern China and Korea,
corresponding to a greater than 75 % increase from the baseline scenario. H2 con-
centrations increase by approximately 50 % in Northeastern United States. The largest
increase (∼45 %) in zonal-average H2 concentration occurs in the boundary layer in
the NH mid-latitudes where road transportation activities are concentrated. The spatial5

distributions of the H2 concentrations in the BL+H2 and H2-ICE scenarios (not shown)
are nearly identical to those in the H2-FC scenario. The geographical pattern of rela-
tive increase in surface H2 concentrations in this scenario is similar to that calculated
by Schultz et al. (2003) even though they assumed a leakage rate of 3 % and their
calculation is for the year 2000 atmosphere. However, the increase in Eastern Asia is10

comparatively larger in this study because of the projected significant economic devel-
opment in this region by 2050.

In the B1 baseline scenario the average tropospheric H2 mixing ratio is 621 ppbv
(Table 2), and the annual-mean ground-level H2 concentration is ∼600 ppbv (Fig. 2c).
The inter-hemispheric gradient is of the same direction as in the current atmosphere15

with higher background H2 concentrations in the SH. Since human activities that emit
H2 are not as intensive as in the A1FI scenario, there are few regions bearing signifi-
cantly higher than background value, except the Northeastern United States, where H2
concentrations are around 650 ppbv.

In the B1 H2 scenarios (BL+H2, H2-FC, and H2-ICE) the tropospheric H2 burden20

increases by ∼20 %, corresponding to a mean tropospheric concentration of 740 ppbv.
In the H2-FC scenario (the other two are quite similar), surface H2 concentrations in
remote regions increase from the BL scenario by more than 20 % in the NH and by
more than 15 % in the SH (Fig. 2d), leading to a slightly higher H2 concentration in the
NH, a reverse in the inter-hemispheric gradient. Maximum H2 mixing ratios (860 ppbv)25

occur in Eastern Asia, corresponding to a more than 40 % increase from the baseline
scenario.

19384

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/19371/2012/acpd-12-19371-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/19371/2012/acpd-12-19371-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 19371–19421, 2012

Part 1: Tropospheric
composition and air

quality

D. Wang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

4.2 Ozone

The annual average tropospheric ozone concentration is 44 ppbv in the 2050 A1FI BL
scenario, higher than the 2000 value of 39 ppbv (IPCC, 2001), due to increased precur-
sor emissions. The summertime (June, July, and August) average surface ozone con-
centrations over land in the A1FI BL scenario are projected to be mostly above 40 ppbv5

(Fig. 3a). Summertime ozone concentrations are highest near densely populated ar-
eas, such as the Eastern United States, California, the Middle East, and Eastern China.
In the A1FI H2-FC scenario, surface ozone mixing ratios decrease by more than 5 %
around the world, with as much as 20 % decrease in Latin America and Southeast Asia
(Fig. 3b). In heavily polluted areas surface ozone mixing ratios are about 10 % lower10

than those in the BL scenario. However, ozone increases in some localized populated
areas in Eastern China, Korea, and London, UK. In these regions ozone production
is VOC-limited, hence decreasing both NOx and VOC emissions, as in this H2 fuel
cell case, does not effectively decrease ozone. While the changes in ozone extend
throughout the troposphere, the largest changes occur near the surface (Fig. 4). In the15

A1FI H2-FC scenario, zonally-averaged summertime ozone mixing ratios are at least
5 % lower than in the BL scenario in the lower troposphere (Fig. 4b). The maximum
decrease (more than 10 %) appears in the boundary layer at the low latitudes of the
NH (centered at around 15◦ N).

In the A1FI H2-ICE scenario summertime surface ozone concentrations are virtually20

unchanged over most of the globe (Fig. 3c). The relatively modest decreases occur
over limited regions, such as England and Korea, which tend to include the highly local-
ized regions where ozone increased in the H2 fuel cells scenario. The zonally-averaged
ozone concentrations do not change significantly except in the lower troposphere of the
northern middle latitudes, where ozone decreases by as much as 5 % (Fig. 4c).25

In the 2050 B1 BL scenario, the average tropospheric ozone concentration is
∼37 ppbv, slightly lower than the current value, due to slightly decreased precur-
sor emissions (except NOx which slightly increases). The distribution pattern of the
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summertime surface ozone concentrations over the world is similar to that for the cor-
responding A1FI scenarios, but the concentrations are 10–20 ppbv lower than those in
the A1FI BL scenario (Figs. 3d and 4d). In the B1 H2-FC scenario, summertime near
surface ozone decreases significantly (by 10 % to 30 %) (Figs. 3e and 4e) along the
coasts of the United State, making them considerably lower than current O3 concen-5

trations. Ozone reductions in the B1 H2-ICE scenario are not as apparent (Figs. 3f and
4f) except the same sensitive areas as in the A1FI H2-ICE scenario, where relative
reductions are no more than 15 %.

The simulation results of the CMAQ model over the contiguous United States is con-
sistent with the global model results in general; however, due to its finer resolution,10

CMAQ is capable of capturing some of the finer features of the ozone concentrations.
For example, while CAM-Chem predicts that the highest summertime ozone concen-
trations appear in California and the Midwest, CMAQ predicts higher maximum daily
8-h average ozone concentrations near population centers and along the west and east
coasts with a plume extending off the east coast (Fig. 5a, d). Over the Southwestern15

United States and parts of the East Coast, daily maximum 8-h average O3 concen-
trations at surface are projected to exceed the US EPA National Ambient Air Quality
Standards (NAAQS) of 75 ppbv over much of the summertime for the A1FI BL scenario.
In contrast, concentrations are in compliance with the NAAQS (below ∼56 ppbv) for the
vast majority of the time for the B1 BL scenario.20

Relatively large decreases in daily maximum 8-h O3 concentrations are noted with
the adoption of the H2-FC scenarios. For both the A1FI and B1 scenarios the de-
creases are largest over the population centers (Fig. 5b, e). The decreases in summer-
time O3 concentrations are nearly 18 ppbv for A1FI and 12 ppbv for the B1 scenario,
respectively. In stark contrast to these decreases for the H2-FC scenario there is little25

decrease in daily maximum 8-h O3 concentrations for the H2-ICE scenario over vast
majority of the United States (Fig. 5e, f). There are some relatively small reductions
over the Los Angeles and San Francisco regions of California and a few very localized
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spots in the Midwest but these reductions are much less significant than in the H2-FC
scenario.

In the A1FI H2-FC scenario the population of the United States would experience
considerably fewer days above the 75 ppb limit than in the baseline scenario (Fig. 6).
Here we perform an analysis of time cumulated population exposure to levels of ambi-5

ent ozone using population data from the 2000 US census (http://www.esri.com/data/
download/census2000-tigerline/index.html) and assuming the population distribution
has not changed significantly in 2050. There is a large shift towards lower O3 concen-
trations for the H2-FC scenarios for both the A1FI and B1 scenarios (Fig. 6). In the A1FI
scenario much of the large tail area above 75 ppbv is reduced and compliance with the10

ozone air quality standard is much more frequent (Fig. 6). While the improvements
for the H2-FC scenarios are quite impressive, the H2-ICE scenario provides almost no
noticeable improvement. The distributions are extremely similar except for a small re-
duction in the >75 ppbv tail. In the B1 scenarios (Fig. 6) the standard is rarely exceeded
in any scenario, but still there are substantial improvements with the adoption of a fuel15

cell powered road sector.
The scenarios examined in this study suggest that summertime O3 over the contigu-

ous United States is predominantly NOx controlled, suggesting the importance of the
utilization of non-combustion technologies, e.g. fuel cells, in which NOx emissions are
voided, in a H2-based road transportation sector towards improving O3 air quality.20

4.3 The tropospheric oxidizing capacity (OH) and climate implication

As discussed in Sect. 1, utilization of H2 raises concern over its potential impact on
the oxidizing capacity of the troposphere. Our model simulations show that adoption of
a H2-based road transportation sector can either decrease or increase the tropospheric
OH abundance, depending on the technology option selected.25

The tropospheric mean OH abundance changes from the 2000 modeled value
of 9.7×105 moleculescm−3 to 9.1×105 moleculescm−3 in the 2050 A1FI baseline
scenario (Table 1), mainly a result of the projected increase in CO emissions and
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CH4 concentration in this scenario despite that the modeled tropospheric O3 con-
centration increases. In contrast, the tropospheric mean OH abundance increases to
10.1×105 moleculescm−3 in the B1 baseline scenario (Table 2) due to the projected
decreased CO emissions in this scenario.

The sensitivity study of the BL+H2 scenarios suggests that H2 leakage emission it-5

self from a H2-based road transportation sector can have some impact on tropospheric
OH abundance, assuming a leakage rate of 2.5 %. The mean tropospheric OH abun-
dance decreases by 2 % and 1 % in the A1FI and B1 scenarios, respectively, from the
baseline scenarios (Tables 1 and 2). The reductions in OH abundance mainly occur in
the tropical troposphere (Fig. 7a, d).10

The combined effect of H2 leakage emission and reductions in ozone precursor emis-
sion in the A1FI and B1 H2-FC scenarios is a 4 % decrease in the mean tropospheric
OH abundance (Tables 1 and 2). The largest OH abundance reduction is in the tropical
boundary layer and extends to the middle troposphere (Fig. 7b, e). However, the OH
abundance increases in the remote troposphere at high-latitudes in the NH as a result15

of its decreased sink against CO, as CO concentrations decrease there.
In the H2-ICE scenarios the tropospheric OH abundance would actually increase by

7 % for the A1FI scenario and by 3 % for the B1 scenario (Tables 1 and 2) despite the
increased atmospheric H2 concentrations, which reduce OH abundance by 2 %. This
is likely because O3 initiated OH production is not severely affected in these scenarios20

while the OH sink through reactions with CO and other fossil fuel combustion byprod-
ucts is significantly reduced. The tropospheric OH abundance increases by 10 % and
by 3 % in the NH and in the SH, respectively, in the A1FI H2-ICE scenario (Fig. 7c),
whereas it increases by 5 % and by 1 % in the NH and in the SH, respectively in the B1
H2-ICE scenario (Fig. 7f). Evidently the effect of the H2 economy on global OH is rel-25

atively small for the scenarios examined here and can be positive or negative with rel-
atively minor contributions to atmospheric chemistry and climate forcing as discussed
next.
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Impact on CH4 lifetime and climate

Since the reaction with OH is the primary sink of CH4, changes in the OH abundance
have direct impacts on the atmospheric CH4 lifetime. Here the CH4 lifetime was calcu-
lated by dividing the CH4 tropospheric burden by its sink against OH. A companion run
of the current atmosphere estimates CH4 lifetime to be 8.7 yr, well within the 8∼10 yr5

range summarized by IPCC (2007). The baseline CH4 lifetime is 9.1 yr for the A1FI
scenario and 8.3 yr for the B1 scenario. In the 2050 H2-FC scenarios the CH4 lifetimes
increased by 7 % to 9.7 yr for the A1FI scenario and by 6 % to 8.8 yr in the B1 sce-
nario. However, in the H2-ICE scenarios the CH4 lifetime decreased by 4 % to 8.7 yr in
the A1FI scenario and by 2 % to 8.1 yr in the B1scenario. These changes imply that10

transitioning to a H2 fuel cell type road transportation sector may exacerbate climate
warming due to CH4 through its increased lifetime. However, the amount of warming
due to CH4 will depend on its actual atmospheric concentrations which will depend
on many factors including how any transition to a H2 economy occurs and changes in
other, e.g. biogenic, CH4 emissions which have not been evaluated here.15

It is interesting to investigate the combined climate effects of a H2-based road trans-
portation sector in terms of both changes in CH4 lifetime and changes in O3 concentra-
tion. In the H2-FC scenarios, the decrease in tropospheric ozone concentrations, which
implies a cooling effect, is accompanied by increase in CH4 lifetime, which implies
a warming effect. The two effects tend to offset each other, but the effect is inhomo-20

geneous because tropospheric ozone is short-lived and is thus not uniform, whereas
CH4 is long-lived and uniform. The changes in aerosol loadings, especially for soot
and sulfate, would further complicate the combined climate effect problem of the H2-
FC scenarios.

Whereas in the H2-ICE scenarios, both tropospheric ozone concentration and CH425

lifetime are decreased, implicating a negative radiative forcing. Taking soot reductions
enhances this cooling effect while reductions of sulfate aerosols would counteract it.
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Again, it is interesting to investigate the climate effect of the H2-ICE scenarios because
of its inhomogeneity.

4.4 NOx

The tropospheric NOx burden depends on the type of H2 technology option selected.
In the H2-FC scenarios tropospheric NOx concentrations are reduced significantly, by5

16 % in the A1FI scenario and by 11 % in the B1 scenario (Tables 1 and 2). In the
H2-ICE scenarios, however, tropospheric NOx concentrations increase by 10 % in the
A1FI scenario and by 3 % in the B1 scenario.

Regions with intense human activities, such as Eastern China, India, Northeastern
United States, and Western Europe, have high NOx concentrations in the baseline sce-10

narios (Fig. 8a, d). These regions would benefit substantially from NOx reductions in the
A1FI H2-FC scenario. Annual mean ground-level NOx concentrations decrease con-
siderably along the coasts of North and South America, Western Europe, North Africa,
the Middle East, New Zealand, and Japan (Fig. 8b) with relative reductions as high as
80 %. Although some remote areas have large relative changes, for example much of15

the remote Southern Hemisphere, the absolute changes are quite small there, as the
baseline NOx mixing ratio is rather low. The relative reductions are most pronounced in
wintertime, when the boundary layer height is lower and ventilation is inhibited. In the
B1 H2-FC scenario, the reduction in NOx concentrations occurs in the same regions,
but the percentages are about half of those in the A1FI scenario (Fig. 8e).20

In the A1FI and B1 H2-ICE scenarios the simulated surface NOx concentration
change is not apparent in the NOx pollution areas (Fig. 8c, f), showing that the in-
ternal combustion engine type of H2 society would not be as effective in ground-level
NOx mitigation.

As in the global CAM-Chem simulations the CMAQ model results show that higher25

NOx concentrations tend to appear in wintertime, so here we focus on the wintertime
(February) changes. NOx peaks are concentrated in the Northeastern United States
and in locations in the west, e.g. Los Angeles and Bay areas of California (Fig. 9a, d).
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Wintertime concentrations are higher than summertime concentrations and concen-
trations are higher in the A1FI than B1 scenarios. There are large decreases in NOx
concentrations with the adoption of a H2 fuel cell transportation sector (Fig. 9b, e),
up to ∼13 ppbv (∼50 %) in winter over the northeast United States for the A1FI sce-
nario. However, for the H2-ICE scenario there is almost no change in wintertime NOx5

concentrations evident (Fig. 9c, f).

4.5 CO

The tropospheric CO burdens decrease by 14 % and 18 % for the A1FI H2-FC and H2-
ICE scenarios respectively, and by 4 % and 7 % for the B1 H2-FC and H2-ICE scenarios,
respectively (Tables 1 and 2).10

In the A1FI baseline scenario, annual mean surface CO concentrations over North
America and Eurasia exceed 200 ppbv (Fig. 10a). Higher values are present in the
Northeastern US, Central Europe and Eastern China. There are also higher than
background concentrations in the tropics due to biomass burning. In the B1 baseline
scenario, annual mean surface CO concentrations over the NH continents are over15

100 ppbv (Fig. 10b). Higher concentrations are seen in Eastern China, Northeastern
US, and tropical regions.

In the A1FI H2-FC scenario, surface CO concentrations in remote areas of the NH de-
crease by at least 20 % (Fig. 10b). Relative CO concentration reductions in the H2-FC
scenario are largest in hotspots of human activities, such as Northeastern US, Califor-20

nia, Central and Western Europe, Eastern China, South Korea and Japan. Concentra-
tions in New York City decrease by as much as 80 %. The CO mitigation is perennial
but is most pronounced in winter. In the H2-ICE scenario the ground-level CO concen-
tration reduction pattern is similar to that in the A1FI H2-FC scenario, but the magnitude
of reduction is even larger (Fig. 10c), due to ∼11 % higher OH concentrations in the25

A1FI H2-ICE scenario than the A1FI H2-FC scenario. This is a result of the increase in
atmospheric oxidizing capacity in the H2 internal combustion engine scenarios which
will lead to decreases in species that react with OH, e.g. CO and other VOC.
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In the B1 H2-FC and H2-ICE scenarios, the background CO concentrations in the
NH decrease by 10∼20 % relative to the baseline scenario (Fig. 10d–f). The largest
relative reduction (up to 50 %) appears over Northeastern United States. There is also
a 30 % decrease in Western Europe. The relative and absolute CO decreases in B1 H2
scenarios are smaller than those in the corresponding A1FI scenarios.5

The regional US CMAQ simulations are consistent with the CAM-Chem global sim-
ulations with 2050. Baseline CO concentrations are generally highest over the east
coast in wintertime with monthly average wintertime concentrations of greater than
400 ppbv and 150 ppbv over much of the eastern part of the United States in the A1FI
and B1 scenarios, respectively (Fig. 11a, d). However, analysis shows that there is no10

violation of CO NAAQS, that is, 8-h average not to exceed 9 ppmv and 1-h average
not to exceed 35 ppmv more than once per year, in any of the scenarios examined.
In the H2-FC and H2-ICE scenarios there are large decreases in CO concentrations
due to the decrease in CO emissions. The largest decreases occur over areas with the
highest emissions in the baseline case and, in contrast to some other pollutants, there15

are only slight differences between the H2-FC and H2-ICE scenarios. Wintertime CO
decreases are nearly 280 ppbv and 100 ppbv for the A1FI and B1 scenarios over pol-
luted regions, corresponding to decreases over much of the east coast of greater than
60 % (Fig. 11b, c, e, f). Summertime decreases are nearly half as large as wintertime
decreases (not shown) because the wintertime planetary boundary layer is shallower,20

there is less vigorous vertical mixing, and chemical loss is lower.

4.6 Aerosols

In the H2-FC scenarios, tropospheric aerosols, especially soot, sulfate aerosols and
ammonium nitrate concentrations are significantly reduced as a result of emissions de-
creases. In the H2-ICE scenarios, tropospheric soot and sulfate aerosol concentrations25

decrease while ammonium nitrate aerosol concentrations increase due to the NOx con-
centration increase.
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In CAM-Chem PM2.5 includes sulfate aerosol, nitrate aerosol, black carbon, organic
carbon, secondary organic aerosol, and dust and sea salt aerosol with diameter no
larger than 2.5 µm. Since emission changes have little impact on dust and sea salt
aerosol, we exclude these types of aerosol in following discussion of PM2.5.

Figure 12a, d show the CAM-Chem simulated annual mean surface PM2.5 concen-5

trations in the A1FI and B1 BL scenarios. In the A1FI BL scenario, Eastern China is
subject to high PM2.5 concentrations of more than 100 µgm−3. Surface PM2.5 concen-
trations can be as high as 50 µgm−3 in Northern India and parts of Indonesia. In Cen-
tral Europe near ground PM2.5 concentrations reach 30 µgm−3. In the Eastern United
States surface PM2.5 concentrations are 10 ∼ 20 µgm−3. Annual mean surface PM2.510

concentrations in the B1 BL scenario (Fig. 12d) are generally lower than those in the
A1FI BL scenario. In Central Europe and Eastern United States it is ∼10 µgm−3 lower,
whereas in Eastern China it can be ∼50 µgm−3 lower than in the A1FI BL scenario.

In the A1FI H2-FC scenario, annual mean surface PM2.5 concentrations are signif-
icantly reduced in Eastern China and Northern India, by up to 10 µgm−3 (Fig. 12b).15

In Northeastern United States and Europe, PM2.5 concentrations are reduced by 1–
3 µgm−3. In the A1FI H2-ICE scenario, surface PM2.5 concentrations reductions in the
Northeastern United States, India and Europe are not as significant as in the A1FI
H2-FC scenario, whereas the reductions in Eastern China is comparable to the A1FI
H2-FC scenario (Fig. 12c).20

In the B1 H2-FC scenario, there are only a few locations having annual mean sur-
face PM2.5 concentrations reductions of more than 1 µgm−3 (Fig. 12e). The maximum
reduction of ∼5 appears in Eastern China. In the B1 H2-ICE scenario, surface PM2.5
concentrations reductions are even less significant as in the B1 H2-FC scenario. Higher
reductions are only seen in Eastern China (Fig. 12f).25

Again, the regional US CMAQ simulations are consistent with the global CAM-Chem
simulations but with more localized peaks due to their higher resolution. In the A1FI
and B1 baseline scenarios the only location in the contiguous US exceeding the an-
nual mean PM2.5 NAAQS (15 µgm−3) is around Buffalo, NY. In the H2-FC and H2-ICE
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scenarios in both the A1FI and B1 scenarios, annual mean PM2.5 concentration in
Buffalo, NY decreases, but it is still above the NAAQS.

PM2.5 concentrations are typically higher in winter than in summer. For the base-
line A1FI and B1 scenarios, highest PM2.5 concentrations over the contiguous United
States appear generally along the Ohio River Valley and the East Coast (Fig. 13a, d).5

February average surface concentrations peak at roughly 9 µgm−3 for the A1FI sce-
nario and around 8 µgm−3 for the B1 scenario. As with O3, improvements in PM2.5
air quality depend on the technology adoption scenario. PM2.5 reductions are greatest
with the H2-FC scenarios’ NOx and VOC emissions reductions while the reductions are
much more modest with the VOC only emissions reductions of the H2-ICE scenario.10

While the areas of largest absolute decrease correspond to the areas of highest initial
concentrations the areas of largest relative decrease are typically over areas with lower
initial concentrations in the Midwest and west coast. For the H2-FC scenario there are
reductions of ∼1.5 µgm−3 and ∼1 µgm−3 for the A1FI and B1 scenarios in February
over the regions of high concentration in the Midwest (Fig. 13b, e). For the H2-ICE sce-15

nario reductions are much more modest at around 1 and 0.5 µgm−3 for the A1FI and
B1 scenarios, respectively, and more concentrated on the eastern seaboard (Fig. 13c,
f). The smaller PM2.5 reduction in the H2-ICE scenarios is primarily due to the impact
of nitrate aerosol PM2.5 production from the NOx emissions, whereas in the H2-FC sce-
nario there are reductions in soot, sulfate, and nitrate aerosols as well as secondary20

organic aerosol formation from decreases in VOC emissions.
The changes in annual mean surface PM10 concentrations (not shown) are the same

as those for PM2.5, because the diameters of the aerosol reduced are less than 2.5 µm
in the CAM-Chem simulation. The following sections discuss the aerosol components
that are significantly reduced.25
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4.6.1 Soot

In the baseline scenarios soot (black carbon) concentrations at the surface are rather
low in remote regions (less than 1 µgCm−3) (Fig. 14a, d). It is nearly absent in the air
of pristine regions (concentrations less than 0.1 µgCm−3). In the tropics soot concen-
trations are higher due to biomass burning. Densely populated regions are plagued5

with soot pollution from intense fossil fuel combustion activities. These regions include
Eastern China, Europe, North America, Korea, Japan, and India. The worst pollution
occurs in Eastern China, where annual mean soot concentration can be up to more
than 10 µgCm−3 in the A1FI BL scenario.

The tropospheric soot burden would decrease by 17 % and 7 % in the A1FI and B110

scenarios, respectively (Tables 1 and 2), both in the H2-FC and the H2-ICE scenarios.
Ground-level soot would be significantly reduced in most of the United States, Europe,
and Japan (Fig. 14b, c, e and f). In the A1FI scenario a H2-based road transportation
sector reduces surface soot concentrations by as much as 50 % in the United States
and Western Europe (Fig. 14b). Soot concentrations are also reduced by 30 ∼ 40%15

in the North Atlantic Ocean region and other regions downwind of key polluted areas.
There is also significant relative reduction (∼20 %) of soot in Eastern China. The pattern
of surface soot concentration reduction is almost identical in the A1FI H2-ICE scenario
to that in the A1FI H2-FC scenario (Fig. 14c). In the B1 scenarios soot reductions in
the H2-FC and H2-ICE scenarios are 10–20 % less than in the corresponding A1FI20

scenarios, but they are still significant reductions and bear similar pattern (Fig. 14e, f).
Soot is a warming climate agent (IPCC, 2001), though there remain uncertainties in

quantitative understandings. Reductions of tropospheric soot, as in with a H2-based
road transportation sector, would have cooling effect on climate. This effect would be
inhomogeneous in space since the reduction is not uniform.25
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4.6.2 Sulfate aerosols

Sulfate aerosols (SO4) are associated with human activities (Fig. 15a, d). The highest
annual mean surface concentrations (∼10 µgSO4 m−3) are seen in Eastern China, In-
dia, and Mexico in the A1FI BL scenario. In the B1 BL scenario, sulfate aerosol pollution
in these densely populated areas is slightly less severe than in the A1FI BL scenario.5

The tropospheric sulfate aerosol burdens decrease by 4 % for both the A1FI and
B1 H2-FC scenarios (Tables 1 and 2). In the A1FI H2-FC scenario, surface SO4 mass
concentrations decrease by approximately 5 % around the world. Higher reductions of
∼10 % occur in Southern California, Southeast Asia and New Zealand (Fig. 15b). The
increase in Antarctica is not significant as the background sulfate aerosol concentration10

is extremely small there (less than 0.1 µgSO4 m−3) (Fig. 15a, d).
The tropospheric sulfate aerosol burdens decrease by 3 % for the two H2-ICE sce-

narios. In the A1FI H2-ICE scenario, there is around 10 %–15 % decrease in SO4 mass
concentration over most Eurasia, North Africa, Western United States, Mexico, and
South America (Fig. 15c). The H2-ICE scenario is slightly less powerful than H2-FC15

scenario in SO4 mitigation (Fig. 15f) because the former has greater oxidizing power,
which makes the oxidation of SO2 to sulfate aerosols faster than in the latter scenario.

4.6.3 Ammonium nitrate

In 2050 as today annual mean surface ammonium nitrate aerosols (NH4NO3) concen-
trations are higher in regions with intense human activities, such as, the Northeastern20

United States, Europe and Eastern China and India (Fig. 16a, d). The highest an-
nual mean surface concentrations (∼10 µgm−3) are seen in Eastern China and India in
the A1FI BL scenarios. Surface ammonium nitrate aerosols concentrations are slightly
lower in the B1 BL scenarios than in the A1FI.

The tropospheric ammonium nitrate aerosol burdens decrease by 12 % and by 9 % in25

the A1FI and B1 H2-FC scenarios, respectively (Tables 1 and 2). In the A1FI H2-FC sce-
nario, surface concentrations decrease significantly around the world. Concentrations
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decrease by as much as 80 %, for example in California (Fig. 16b). Reductions are
nearly as significant in the B1 H2-FC scenario as in the A1FI H2-FC scenario in terms
of percent change (Fig. 16e).

The tropospheric ammonium nitrate aerosol burdens increase by 3 % and by 2 % in
the A1FI and B1 H2-ICE scenarios, respectively (Tables 1 and 2). Surface concentra-5

tions increase in remote regions (Fig. 16a, d) as a result of the increased NOx concen-
trations there (see Sect. 4.4). In the A1FI H2-FC scenario, there are slight concentration
reductions (∼10 %) in Ohio River Valley and in Eastern China (Fig. 16b). The relative
increase in remote regions is not significant as the background concentration is ex-
tremely small there (less than 0.1 µgm−3) (Fig. 16a, d).10

5 Conclusions

We have evaluated the possible impacts of transitioning to a H2 powered road trans-
portation sector in 2050 using atmospheric chemistry-climate models and emissions
scenarios based on the IPCC A1FI and B1 SRES growth scenarios and fuel cell and
internal combustion engine technology options. Our results show that air quality would15

improve significantly with adoption of a H2 fuel cell type road transportation sector
(H2-FC scenarios). Primary gaseous (CO, NOx) and particulate (soot) pollutants are
reduced substantially once the fossil fuel based road transportation sector transitions
to H2 fuel cells. Ozone, a major secondary pollutant that often exceeds air quality stan-
dards in some regions of the United States (and is a severe problem in developing20

countries), would be reduced to a significant extent as its precursors, CO, NOx and
NMVOCs emissions are reduced. Additionally, concentrations of particulate matter, es-
pecially those with diameter less than 2.5 µm (PM2.5) would be significantly reduced in
densely populated regions.

Some aspects of air quality would also improve with application of a H2 internal com-25

bustion engine type road transportation sector (H2-ICE scenarios). Ambient ozone con-
centrations would decrease slightly as its precursor emissions by fossil fuel combustion
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from road transportation sector are eliminated. Ozone mitigation with the H2-ICE op-
tion is not nearly as effective as in the H2-FC scenarios but is somewhat more effective
in the relatively few VOC-limited regions. Urban PM2.5 concentrations would not be
significantly reduced except in Eastern China.

For each specific type of H2 technology applied in the road transportation sector, the5

reductions of key air pollution species are not as significant in the B1 scenario as in the
A1FI scenario. However, since the emissions of key ozone and aerosol precursors are
lower in the B1 scenarios, air quality in the B1 scenarios is generally better than that in
the A1FI scenarios. For example, tropospheric ozone concentrations are substantially
lower in all of the B1 scenarios than in all of the A1FI scenarios regardless of the H210

technology adopted.
With a leakage rate of 2.5 %, H2 emissions in a H2-based road transportation sector

are larger than the replaced H2 emissions from fossil fuel burning, leading to increased
H2 concentrations in the atmosphere. The added H2 would decrease tropospheric OH
abundance, resulting in elongated CH4 lifetime and thus warming. However, when tak-15

ing changes in emissions of CO, NOx and NMVOCs into account, the picture of the
climate impact is more complicated. In the H2-FC scenarios, the combined effect of
emission changes is a 4 % decrease in OH abundance, which contributes to warming
by increasing CH4 lifetime. On the other hand, concurrent decrease in tropospheric O3
concentrations would provide a cooling mechanism. The overall effect is further com-20

plicated by the temporal and spatial inhomogeneity of the two offsetting mechanisms.
In the H2-ICE scenarios, both decrease in CH4 lifetime due to OH increase and the
decrease in tropospheric O3 tend to cool the climate while, again, inhomogeneities in
space and time would complicate the problem.

It is worth noting that our emission scenarios assumed 100 % market penetration of25

H2 technologies in 2050. That is, all vehicles operating on road are replaced with H2
powered ones. We also assumed that the H2 for road transportation was produced by
renewable, nuclear, or fossil fuel facilities with advanced scrubbing technologies with no
emissions associated with its production. The positive and negative impacts presented
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here will decrease in magnitude to the extent that market penetration is not total and if
there are emissions associated with H2 production.
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Table 1. Tropospheric burdens for the 2000 atmosphere, the 2050 A1FI baseline scenario
and percent changes for the baseline+H2 (BL+H2), hydrogen fuel cell (H2-FC), and hydrogen
internal combustion engine (H2-ICE) scenarios from the 2050 A1FI baseline scenario simulated
by the CAM-Chem model.

2000 2050 Baseline BL+H2 H2-FC H2-ICE

H2 626 ppbv 839 ppbv 41 % 40 % 38 %
O3 37 ppbv 44 ppbv 0 % −7 % −1 %
OH 9.7×105 moleculescm−3 9.1×105 moleculescm−3 −2 % −4 % 7 %
CO 97 ppbv 133 ppbv 1 % −14 % −18 %
NOx 60 pptv 100 pptv 0 % −16 % 10 %
soot 0.025 µgCm−3 0.025 µgCm−3 0 % −17 % −17 %
SO4 0.30 µgSO4 m−3 0.34 µgSO4 m−3 0 % −4 % −3 %
NH4NO3 0.010 µgm−3 0.014 µgm−3 0 % −12 % 3 %
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Table 2. Tropospheric burdens for the 2050 B1 baseline scenario and percent changes for the
baseline+H2 (BL+H2), hydrogen fuel cell (H2-FC), and hydrogen internal combustion engine
(H2-ICE) scenarios from the CAM-Chem model simulations.

Baseline BL+H2 H2-FC H2-ICE

H2 621 ppbv 20 % 20 % 19 %
O3 37 ppbv 0 % −5 % −1 %
OH 10.1×105 moleculescm−3 −1 % −4 % 3 %
CO 90 ppbv 0 % −4 % −7 %
NOx 60 pptv 0 % −11 % 3 %
soot 0.014 µgCm−3 0 % −7 % −7 %
SO4 0.33 µgSO4 m−3 0 % −4 % −3 %
NH4NO3 0.010 µgm−3 0 % −9 % 2 %
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Fig. 1. Global annual emissions of H2, SO2, NOx, soot, NMVOCs and CO for the current (year
2000), and the Baseline (BL), baseline+H2 (BL+H2), H2 fuel cell (H2-FC), and H2 internal
combustion engine (H2-ICE) 2050 A1FI and B1 scenarios.
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Fig. 2. CAM-Chem simulated 2050 annual-mean ground-level H2 mixing ratios in the A1FI (a)
and B1 (c) baseline scenarios and the percent differences for the A1FI (b) and B1 (d) H2-FC
scenarios. Note the different scales.
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Fig. 3. CAM-Chem simulated 2050 summertime (June, July, and August) average ground-level
O3 mixing ratios in the A1FI (a) and B1 (d) baseline scenarios and percent differences for the
H2 fuel cell (H2-FC) and H2 internal combustion engine (H2-ICE) scenarios (b, c, e, f). Note the
different scales.
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Fig. 4. CAM-Chem simulated 2050 summertime (June, July, and August) average zonal-mean
O3 mixing ratios in the A1FI (a) and B1 (d) baseline scenarios and percent differences for the
H2 fuel cell (H2-FC) and H2 internal combustion engine (H2-ICE) scenarios (b, c, e, f). Note the
different scales.
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Fig. 5. July 2050 averages of the daily maximum 8-h-average O3 concentrations simulated by
CMAQ for the A1FI (top) and B1 scenarios (bottom). Each row contains the baseline scenarios
(left: a and d), differences between the baseline and H2 fuel cell (H2-FC) scenarios (center:
b and e), and differences between the baseline and H2 internal combustion engine (H2-ICE)
scenarios (right: c and f). Data are averaged over the lowest model level (∼100 m). Note that
the scales are different among panels.
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Fig. 6. Normalized probability distribution (populationdaysppb−1) of CMAQ simulated surface
daily maximum 8-h-average O3 concentrations throughout one year for the A1FI (left) and B1
(right) baseline, H2-ICE, and H2-FC scenarios across the United States. Distributions are based
on the US population distribution for 2000 and the bin interval is 1 ppbv.
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Fig. 7. CAM-Chem simulated 2050 annual averaged zonal-mean OH abundance differences
in the H2 BL+H2, H2-FC, and H2-ICE scenarios from the corresponding BL scenarios
(10−4 cm−3). Note the different scales.
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Fig. 8. CAM-Chem simulated 2050 annual mean surface NOx mixing ratios in the A1FI (a) and
B1 (d) baseline scenarios and percent differences for the H2 fuel cell (H2-FC) and H2 internal
combustion engine (H2-ICE) scenarios (b, c, e, f). Note the different scales.
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Fig. 9. February 2050 average NOx concentrations (ppbv) simulated by CMAQ for the A1FI
(top) and B1 scenarios (bottom). Each row contains the BL scenarios (left: a and d), differences
(ppbv) between the BL and H2-FC scenarios (center: b and e), and differences (ppbv) between
the BL and H2-ICE scenarios (right: c and f). Data are averaged over the lowest level (∼100 m).
Note that the scales are different among panels.
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Fig. 10. CAM-Chem simulated 2050 annual mean surface CO mixing ratios in the A1FI (a) and
B1 (d) baseline scenarios and percent differences for the H2 fuel cell (H2-FC) and H2 internal
combustion engine (H2-ICE) scenarios (b, c, e, f). Note the different scales.
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Fig. 11. February 2050 averages CO concentrations (ppbv) simulated by CMAQ for the A1FI
(top) and B1 scenarios (bottom). Each row contains the BL scenarios (left: a and d), differences
(ppbv) between the BL and H2-FC scenarios (center: b and e), and differences (ppbv) between
the BL and H2-ICE scenarios (right: c and f). Data are averaged over the lowest level (∼100 m).
Note that the scales are different among panels.
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Fig. 12. CAM-Chem simulated 2050 annual mean surface non-dust PM2.5 concentrations in
the A1FI (a) and B1 (d) baseline scenarios and differences for the H2 fuel cell (H2-FC) and H2
internal combustion engine (H2-ICE) scenarios (b, c, e, f). Note the different scales.
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Fig. 13. February 2050 average PM2.5 concentrations (µgm−3) simulated by CMAQ for the
A1FI (top) and B1 scenarios (bottom). Each row contains the BL scenarios (left: a and d),
differences (µgm−3) between the BL and H2-FC scenarios (center: b and e), and differences
(µgm−3) between the BL and H2-ICE scenarios (right: c and f). Data are averaged over the
lowest level (∼100 m). Note that the scales are different among panels.
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Fig. 14. CAM-Chem simulated 2050 annual mean surface soot concentrations in the A1FI (a)
and B1 (d) baseline scenarios and percent differences for the H2 fuel cell (H2-FC) and H2
internal combustion engine (H2-ICE) scenarios (b, c, e, f). Note the different scales.
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Fig. 15. CAM-Chem simulated 2050 annual mean surface SO4 concentrations in the A1FI (a)
and B1 (d) baseline scenarios and percent differences for the H2 fuel cell (H2-FC) and H2
internal combustion engine (H2-ICE) scenarios (b, c, e, f). Note the different scales.
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Fig. 16. CAM-Chem simulated 2050 annual mean surface NH4NO3 concentrations in the A1FI
(a) and B1 (d) baseline scenarios and percent differences for the H2 fuel cell (H2-FC) and H2
internal combustion engine (H2-ICE) scenarios (b, c, e, f). Note the different scales.
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