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ABSTRACT

Hydrogen (H>) is being explored as a fuel for passenger vehicles; it can be used in fuel cells to power
electric motors or burned in internal combustion engines. In order to evaluate the potential influence of a
future Hp-based road transportation on the regional air quality in Europe, we implemented H; in the
atmospheric transport and chemistry model LOTOS-EUROS. We simulated the present and future (2020)
air quality, using emission scenarios with different proportions of H, vehicles and different H, leakage
rates. The reference future scenario does not include H; vehicles, and assumes that all present and
planned European regulations for emissions are fully implemented.

We find that, in general, the air quality in 2020 is significantly improved compared to the current
situation in all scenarios, with and without H; cars. In the future scenario without Hj cars, the pollution
is reduced due to the strict European regulations: annually averaged CO, NOy and PM2.5 over the model
domain decrease by 15%, 30% and 20% respectively. The additional improvement brought by replacing
50% or 100% of traditionally-fueled vehicles by H; vehicles is smaller in absolute terms. If 50% of vehicles
are using Hy, the CO, NOx and PM2.5 decrease by 1%, 10% and 1% respectively, compared to the future
scenario without H; cars. When all vehicles run on H», then additional decreases in CO, NOy and PM2.5
are 5%, 40%, and 5% relative to the no-H; cars future scenario. Our study shows that Hy vehicles may be an
effective pathway to fulfill the strict future EU air quality regulations.

O3 has a more complicated behavior — its annual average decreases in background areas, but increases
in the high-NOy area in western Europe, with the decrease in NOx. A more detailed analysis shows that
the population exposure to high O3 levels decreases nevertheless.

In all future scenarios, traffic emissions account for only a small proportion of the total anthropogenic
emissions, thus it becomes more important to better regulate emissions of non-traffic sectors.

Although atmospheric H, increases significantly in the high-leakage scenarios considered, the addi-
tional H; added into the atmosphere does not have a significant effect on the ground level air pollution in
Europe.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author.

E-mail address: epopa2@yahoo.com (M.E. Popa).

http://dx.doi.org/10.1016/j.atmosenv.2015.03.022
1352-2310/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.�0/
mailto:epopa2@yahoo.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosenv.2015.03.022&domain=pdf
www.sciencedirect.com/science/journal/13522310
www.elsevier.com/locate/atmosenv
http://dx.doi.org/10.1016/j.atmosenv.2015.03.022
http://creativecommons.org/licenses/by-nc-nd/4.�0/
http://dx.doi.org/10.1016/j.atmosenv.2015.03.022
http://dx.doi.org/10.1016/j.atmosenv.2015.03.022

ML.E. Popa et al. / Atmospheric Environment 113 (2015) 208—222 209

1. Introduction

Road traffic is a major source of greenhouse gases and pollut-
ants. Greenhouse gases affect the earth system globally, leading to
global warming and ocean acidification. Pollution affects human
health and ecosystems in particular in densely populated areas.
Fine particulate matter (PM2.5) enters the lungs and enhances al-
lergies, asthma, lung infections and long term lung diseases. PM2.5
is recognized as one of the main pollutants reducing life expectancy
in Europe (EEA, 2013); recent studies show that PM2.5 affects
health already at levels much lower than present European air
quality limits (Beelen et al., 2014). NOx contributes to acid rain
formation; it is a precursor for tropospheric ozone, aerosols and
other toxic chemicals, and affects human health, especially the
respiratory system (EEA, 2013; WHO, 2013). CO is a precursor for
tropospheric ozone, participates in atmospheric chemistry, and is a
toxic gas, affecting blood ability to transport oxygen. Tropospheric
03 is not emitted directly but formed under influence of NOy and
volatile organic compound (VOC) emissions. It is one of the major
components of photochemical smog; it affects human health,
ecosystems and causes important crop losses (EEA, 2013; WHO,
2006, 2008).

In Europe (EU 28), emissions from road traffic were respon-
sible for about 25% of the total CO emissions, 39% of NOx and 15%
of the primary PM2.5 in 2012 (EEA, 2014). Road transport was
responsible for 26% of O3 precursor emissions in Europe in 2007
(EEA, 2010).

Replacing fossil fuels by Hy in a potential future “hydrogen
economy” is attractive, in the context of reducing availability of
fossil fuels and increased awareness on the problems of pollu-
tion and climate change. When using fuel cell technology, H;
burning emits only water, thus using Hy as a fuel would avoid
direct emissions of both anthropogenic greenhouse gases and
pollutants.

Regarding H, safety, it is often thought that Hy would be a
dangerous fuel quickly leading to explosions. However, with
adequate handling, H, can be a safer fuel than e.g. gasoline or
methanol: because of its high buoyancy it does not accumulate
around leak points, reducing the risk of explosions; also, a Hy fire
causes fewer toxic emissions and less severe radiant heat damage
(Adamson and Pearson, 2000; Veziroglu and Barbir, 1992).

However, it is important to consider all potential effects. In
2000s, several studies (Prather, 2003; Schultz et al., 2003; Tromp
et al., 2003; Warwick et al., 2004) drew attention to the fact that
a hydrogen economy would be associated with an increase in
atmospheric H, due to leakage, and this additional atmospheric
H, could have negative effects on the atmosphere. Additional H;
in the atmosphere could enhance the stratospheric ozone hole
(Tromp et al., 2003), and could indirectly increase the radiative
forcing by influencing the greenhouse gases methane and
tropospheric ozone (Prather, 2003). Later, more detailed studies
showed that these negative effects are much smaller than feared
initially, and small compared to the potential benefits (Derwent
et al,, 2006; Jacobson, 2008; Vogel et al., 2012; Wang et al.,
2013b; Warwick et al., 2004).

The benefits of a hydrogen economy can be significant, espe-
cially regarding air quality. All studies to date reported considerable
improvements in air quality, if (part of) the economy or trans-
portation were switched to H; as an energy carrier. The first studies
on this subject considered the present (~2000) situation and
assumed an immediate transition to a H, economy.

In their modeling study, Schultz et al. (2003) considered a
conversion to Hy of 50% of the total economy (which is roughly
equivalent to 100% conversion of the transportation sector). This
resulted in decreases in simulated NOx (30%), CO (3%) and O3 (5%)

mole fractions. They also found that in polluted areas in Western
Europe, China and Eastern US the average surface O3 would in-
crease; however, even in these areas, the peak O3 values were
predicted to decrease, which would result in fewer violations of air
quality limits. Another finding of this study was a decrease in
oxidizing power of the troposphere, because the decrease in NOy
leads to less OH.

In a similar study, Warwick et al. (2004) assumed a complete
replacement of the fossil fuel economy, and found reductions in
tropospheric O3 (2.2%) and OH (5%).

Jacobson et al. (2005) assumed a conversion of all US vehicles
to Hy, and compared the effects on air quality, health and
climate for several H, production options. Unlike the other
studies, they also took into account the emissions associated to
the production of Hj. The results showed that using H, produced
from wind energy offers the largest benefits for health and
climate. For all H, production methods, significant reductions
were found for CO, O3, NOy, black carbon, and other tropo-
spheric pollutants.

Jacobson (2008) estimated the effects of converting the global
vehicle fleet to H, produced by wind-powered electrolysis, and
found reductions over 10 years in tropospheric CO (5%), NOy
(5—13%), O3 (6%) and OH (4%).

The recent study of Wang et al. (2013a), which estimated the
effects of converting the global transportation to Hy, is the first one
to place the simulations in the future (2050). The study is global,
and includes higher resolution simulations with focus on the US
territory. Their baseline (no H; cars) emission scenarios are based
on the Intergovernmental Panel on Climate Change (IPCC) Special
Report on Emission Scenarios (SRES) growth scenarios A1F1 and B1
(Nakicenovic et al., 2000), combined with present-day fossil fuel
burning emission factors. A1F1 and B1 are the highest and lowest
emission SRES scenarios. Both assume a large population increases
and a world integrated economically; the A1F1 scenario assumes
rapid economic growth and intensive use of fossil fuels, while in B1
the economy becomes more information oriented and less material
intensive, and employs more clean and resource efficient technol-
ogies. The simulations using these baseline scenarios predict
significantly increased air pollution in 2050 compared to present.
The pollution decreases then significantly compared to the baseline
when switching all the road traffic to Hy. The largest improvements
are found in most polluted, highly populated areas. Wang et al.
assume no emissions of air pollutants are associated with H;
production.

In the present study we investigate the effects on air quality
in Europe of a future (2020) H; -based road transportation
sector, using the chemistry transport model LOTOS-EUROS. We
compare future emission scenarios in which 50% or 100% ve-
hicles are converted to H,, with a future “baseline” scenario
without H; vehicles. Our baseline emission scenario assumes
that the current and planned European legislation concerning
emissions of air pollutants is fully implemented. We account for
NOx emissions associated to the production of H, for vehicle
use.

2. Methods
2.1. Model

LOTOS-EUROS is an Eulerian 3D chemistry transport model
designed to simulate air pollution in the lower troposphere in
Europe (Schaap et al., 2008). The model has been used to simulate
for example ozone (Vautard et al., 2006; Schaap et al., 2008), par-
ticulate matter (Manders et al., 2009), secondary inorganic aerosol
(Schaap et al., 2004a; Erisman and Schaap, 2004), black carbon
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(Schaap et al., 2004b; Schaap and Denier van der Gon, 2007) and
sea salt (Manders et al., 2010). LOTOS-EUROS is also being used to
provide daily forecasts of air pollution over Europe and the
Netherlands.

Concerning the European forecasts, LOTOS-EUROS is one of
the 7 CTMs that together form the MACC regional air quality
ensemble (http://gmes-atmosphere.eu/), and its performance in
simulating current concentration levels is therefore continuously
verified against surface observations and the other models
(Marécal et al., 2015). In addition, the model has been included in
dedicated validation and model inter-comparison studies
(Solazzo et al., 2013; Kukkonen et al., 2012; Vautard et al., 2012).
During all these verifications and comparisons, LOTOS-EUROS
was found to have a performance comparable to other Euro-
pean regional models. Similarly to other models, LOTOS-EUROS
underestimates the concentration of particulate matter (PM)
due to unknown sources and missing secondary organic aerosols,
and the simulated ozone variability is too low (underestimation
of high values and overestimation of low values, also a common
feature of models).

In the current study, the LOTOS-EUROS domain is between
35°N and 70°N Ilatitude and between 10°W and 40°E longitude,
with a spatial resolution of 0.50° lon x 0.25° lat. The vertical
structure is relatively simple, with four vertical levels (surface,
mixed layer and two reservoir layers) up to a height of 3500 m
a.s.l. The surface layer height is fixed at 25 m; the height of the
mixed layer is provided by ECMWF meteorology (see below) and
the two reservoir layers are equal in height and calculated from
the difference between 3500 m and the mixed layer height, with a
minimum of 500 m.

For this work we use LOTOS-EUROS version 1.9.6 with ECMWF
meteorological fields for 2008. The temporal resolution of the
model output is 1 h. Initial and boundary conditions are provided
by daily output at 6° x 4° spatial resolution from the global model
TM5 (Krol et al., 2005; Pieterse et al., 2011, 2013).

Gas phase chemistry is computed in LOTOS-EUROS using the
CBM-IV scheme (Whitten et al., 1980), with updates as described in
Schaap et al. (2008). Aerosol chemistry is represented using the
ISORROPIA2 thermodynamic equilibrium module (Fountoukis and
Nenes, 2007). Dry deposition of gases is implemented through
the module DEPAC 3.11 (Van Zanten et al., 2010) and relies on the
parallel resistance approach. The deposition velocity of CO was set
in this work equal to half of the H, deposition velocity (see below).
The dry deposition of particles follows the parameterization of
Zhang et al. (2001). Below cloud scavenging is described using
simple scavenging coefficients for gases (Schaap et al., 2004a) and
particles (Simpson et al., 2003).

2.2. Present emissions

The anthropogenic emissions (for CHg4, CO, NH3, VOC, NOy, SOy,
PM10, PM2.5, CO;) are derived from the TNO-MACC emission grids
(Kuenen et al., 2014). The emissions include both grid and point
sources and are aggregated into 10 main source categories (SNAP
(“Selected Nomenclature for Sources of Air Pollution”), level 1),
with the road traffic category separated into 5 sub-categories.

Anthropogenic emissions vary with month, day of week, and
time of day according to time factors per source category (Mues
et al., 2014). Emissions of VOCs and CO from road traffic vary
additionally with atmospheric temperature (Sauter et al., 2012).

2.3. Implementation of Hy in LOTOS-EUROS

We added into the CBM-IV chemistry scheme used in LOTOS-
EUROS the production of H, by formaldehyde photolysis (CH,0

(hv) — CO + H) and the reaction of Hp with OH
(Hz + OH + 03 — HO, + Hy0). Through the second reaction, H; can
directly influence the atmospheric composition and chemistry, due
to destruction of OH and production of HO,. For this reaction we
use the temperature dependent reaction rate as given in Houweling
et al. (1998) based on DeMore et al. (1994).

The TNO MACC emission data were modified to include H;, from
stationary and mobile fossil fuel combustion. Combustion of
traditional fossil fuels emits Hy, and these H, emissions are usually
well correlated with CO emissions. Emissions of H, from fossil fuel
road traffic were computed based on the emissions rates per
vehicle category available in literature (Bond et al., 2011 and ref-
erences therein). For the categories for which no emission rates
were available (most of the pre-Euro 3 vehicles), H, emissions were
computed by scaling the CO emissions with a factor of 0.55 mol:mol
(Bond et al., 2011; Vollmer et al., 2007). Only gasoline and gas-
fueled vehicles are assumed to emit relevant amounts of Hy; Diesel
vehicles emit negligible amounts of H, (Bond et al., 2010, 2011). The
temperature dependence of H, emissions from road traffic was set
equal to the one of CO. Besides the Hy emissions from fossil fuel
burning, in the future scenarios that include Hy cars, additional
emissions of Hy due to H; fuel leakage were added, as described in
Section 2.4.

The anthropogenic H, emissions from other combustion sources
were computed by scaling the CO emissions with a factor of
0.4 mol:mol, which is approximately in the middle of the range
estimated from atmospheric measurements (Hammer et al., 2009;
Yver et al.,, 2009, 2011).

Soil uptake is the main sink for atmospheric H,, accounting for
about 80% of the atmospheric Hy loss. Soil uptake of Hy is
computed in LOTOS-EUROS by multiplying the deposition velocity
with the local mole fraction. The deposition velocity depends on
land use and on soil conditions, with lower deposition velocity for
wet or frozen soil. No significant H, deposition takes place over
water bodies and onto plants. Note that, due to its atmospheric
lifetime of about 2 years, the Hy abundance in the LOTOS-EUROS
domain is largely determined by the applied boundary condi-
tions from TM5.

2.4. Emission scenarios

In order to assess the potential impact of a future change to H,
powered vehicles, six main emission scenarios were created as
summarized in Table 1. The “NOW” scenario represents the present
situation and uses emissions for the year 2005. The other scenarios
represent the future (2020) and include no H; cars (CLE2020), 50%
Hj cars (H2_50_01 and H2_50_4), or 100% H; cars (H2_100_01 and
H2_100_4). The “_01" and “_4" codes in the scenario names refer to
the 0.1% and 4% H, leakage rates (see below). The CLE2020 (“Cur-
rent Legislation”) scenario assumes that all current and planned
European emission regulations will be fully implemented by 2020.
We considered the H; vehicles are fuel cell — powered, therefore
they do not emit NOx.

Table 1

Emission scenarios.
Scenario Time H, vehicles H, leak rate
NOW Present 0 0
CLE2020 Future 0 0
H2_50_01 Future 50% 0.1%
H2_50_4 Future 50% 4%
H2_100_01 Future 100% 0.1%
H2_100_4 Future 100% 4%
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We considered large proportions of Hy powered vehicles, in
order to be able to detect even small effects. It is obviously highly
unlikely that a large proportion of vehicles (e.g. 50%) will be using
H, by the year 2020. The reason we chose the year 2020 for our
simulations, and not for example 2050, is that the human popula-
tion distribution, energy demands, the road traffic location and
intensity, and other relevant variables can to some extent be pre-
dicted for 2020 but not much further into the future.

For the future scenarios that include Hy vehicles, we used two
H, leak rate scenarios of 0.1% and 4% that define what we consider a
possible range. Although H, is difficult to confine, and higher leak
rates (10% or more) have been predicted by some authors (e.g.
Tromp et al., 2003), we assume that for financial reasons the losses
will be limited to a lower level of 4% in a mature technology. Our
high leak rate (4%) is consistent to the estimates of Bond et al., 2011.
The 0.1% leak rate is very optimistic, but it is considered achievable
by some authors, as it is already attainable in some of the present-
day technical systems — e.g., the Hy distribution grid in Germany
(Bond et al., 2011; Lovins, 2003; Zittel and Altmann, 1996).

In our scenarios, Hy for vehicle use is produced by steam
reforming of natural gas coupled with carbon capture and storage
(Damen et al., 2006; Spath and Mann, 2000), at natural gas-fired
power plant locations. The only emission from H, production is
NOy, at an approximate rate of 0.01 kg NOx/kg H, (rate based on
system total NOy emission from Spath and Mann, 2000). The
required amount of Hy for transportation is calculated based on an
efficiency increase of 25% when switching from conventional fuels
to Hp, plus the amount of H, needed to compensate for leakage
losses. Note that Hy also has approximately a factor three higher
energy content on a mass basis than conventional fuels.

The TM5 boundary conditions (see Section 2.1) are identical for
all present and future simulations, which means that future
possible changes in the background levels of H; or other species are
not considered.

3. Results
3.1. Emissions

Fig. 1 shows the annual anthropogenic emissions of CO, NMVOC,
NOy, PM2.5 and Hj, over the whole model domain, for each of the

six scenarios. It is evident that, at present, the road traffic contri-
bution to the total emissions is substantial. For the CLE2020
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scenario, the emissions of all species decrease significantly
compared to present, due to decreases in both traffic and non-
traffic categories of emissions; the traffic contribution to the total
emissions decreases as well. For the scenarios that assume 50% H;
cars (H2_50_01 and H2_50_4) the total emissions for all species
except Hy are slightly lower than for CLE2020, and the emissions
decrease further for the scenarios with 100% H; cars (H2_100_01
and H2_100_4). The difference between the 100% H; cars scenarios
and 50% scenarios is larger than the difference between the 50% H,
cars scenarios and CLE2020. That is because the first 50% H; cars are
assumed to be bought instead of new, low pollution traditional fuel
cars, therefore they replace the cleaner half of the CLE2020 fleet;
the second 50% H; cars replace all the rest of the cars, including the
older, more polluting ones. The non-traffic NOy emissions increase
slightly in the Hy-vehicle scenarios, due to the addition of NOy
emissions during H; production.

The emissions of H, decrease in the CLE2020 scenario compared
to the present, due to fewer emissions from fossil fuel burning. For
the Hy-vehicle scenarios with low leakage rate (H2_50_01 and
H2_100_01) the total H, emissions are slightly higher than in
CLE2020, but still lower than the present emissions. For the sce-
narios with high leakage rates (H2_50_4 and H2_100_4), H;
emissions increase significantly.

3.2. The present atmosphere (NOW scenario)

Fig. 2 shows annual mean ground level concentrations of Hy, CO,
PM2.5, NOy, O3 and OH for the NOW and CLE2020 simulations, and
the relative differences between the two scenarios. The results
corresponding to the present atmosphere are in the leftmost
panels.

Within Europe, the area including Benelux, Germany, part of the
UK and part of central Europe is the most polluted, because of its
high population density, industry and dense road network. High
mole fractions of CO and NOy are due to large emissions, mainly
from road traffic.

Regarding Os, this high NOy area is in the VOC limited regime, in
which O3 decreases with the increase in NOy due to the titration
effect (O3 reacts with the emitted NO, converting it to NO,, e.g.
Sillman, 1999); the result is a decrease of the average O3 below the
regional background level.

OH is also depleted in this area due to less production from
O3 and the sink of OH through the OH + NO; reaction. In the
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Fig. 1. Total annual emissions in the model domain for different scenarios. The upper, light-colored bar portions represent the contribution of road traffic emissions. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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eastern part of the model domain, high CO is largely due to
power production. Hj is also higher in polluted areas, because it
is emitted together with CO from anthropogenic burning pro-
cesses. PM2.5 has a more uniform distribution over the land
areas south of 55°N, with several high concentration areas
(around 20 pg/m3) in northern Italy and urbanized areas in
south-east Europe.

3.3. The future without Hy cars (CLE2020 — NOW)

As shown in Section 3.1, the emissions decrease in the CLE2020
scenario compared to present; it is thus predictable that the air
quality improves accordingly. Indeed, it is evident in Fig. 2 that CO,
PM2.5 and NOy mole fractions decrease in the CLE2020 scenario
relative to the present.

In the CLE2020 simulation, the spatial distribution of CO is
similar to NOW, but the mole fractions decrease significantly. The
decrease in CO is largest over high CO areas, both in absolute and in
relative terms. The average decrease in CO in our domain is 15 ppb
(15%). In polluted areas CO decreases by up to 30 ppb (25%). H, mole
fractions also decrease, due to the decrease in emissions, similarly
to CO. The average H; decrease is 3 ppb (0.5%), with lager decreases
of up to 30 ppb in polluted areas.

PM2.5 decreases uniformly in western Europe by approximately
2 pg/m?> (20%). In central and eastern Europe the general decrease is
smaller, and there are several urban centers in central Europe
where a slight increase can be observed, but the PM 2.5 level still
remains below 10 pg/m>. In northern Italy the average PM 2.5
decreased to less than 15 pg/m>.

NOy decreases significantly in all land areas. The relative
decrease is of roughly 50% in western Europe and 30% in eastern
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Europe; the absolute decrease is largest in polluted areas. NOy in-
creases however over the ship tracks in Mediterranean by up to
3 ppb (20%), due to the fact that ship emissions are less regulated.
Even if emissions and atmospheric mole fractions of NOy decreased,
there are still areas with average NOy above 10 ppb, in particular
Benelux, and the average NOy can reach more than 20 ppb around
urban centers.

O3 behaves unlike the other pollutants: it generally increases
over the most polluted areas, by up to 5 ppb or 25%. These are the
areas where at present the O3 is decreased below the continental
background level, due to high NOy. The decrease in NOy in the
CLE2020 scenario leads to an increase in O3 towards the back-
ground level. In the southern part of Europe, the background O3
decreases slightly (by up to 5%), and the decrease is larger along the
ship tracks. This decrease is the result of the increased NOy in those
areas. The behavior of O3 for all scenarios is analyzed in more detail
in Section 3.5.

OH decreases by about 10% over the “clean” land areas, due to
the combined opposite effects of less production from O3 and less
consumption by NOy and CO. OH also decreases over the ship tracks
in the Mediterranean; here the reason is an increased OH sink due
to the increase in NOy from ships. Over land, in the most polluted
regions, where the decrease in NOy is largest, OH increases in the
CLE2020 scenario because of the decrease in consumption by re-
action with NOy, and increased production from enhanced Os.

3.4. The future with Hy cars

In this section we compare the simulations including 50% and
100% H; cars with the CLE2020 results. We use for this comparison
the low leak rate scenarios, H2_50_01 and H2_100_01 (the low and
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Fig. 3. CO mole fractions for the simulations with 50% (H2_50_01) and 100% (H2_100_01) H; cars (left panels), and the relative differences between these and the CLE2020
simulation (right panels). The figure shows annual means at ground level. Note that the color scales are different between left and right panels. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.).
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high leak rate scenarios will be compared in Section 3.6). Each
species is discussed in detail below, except for H, which is dis-
cussed in Section 3.6.

Fig. 3 shows the annual average CO mole fractions at ground
level for the H2_50_01 and H2_100_01 scenarios (50% and 100%
H, cars), and the relative differences to the CLE2020 scenario. For
the H2_50_01 scenario, CO slightly decreases compared to
CLE2020, by up to 2—3 ppb in western and central Europe. The
decrease is small because, as already mentioned in Section 3.1, the
relatively clean cars are the first to be replaced by H; cars (that is, a
new and clean car in the CLE2020 scenario corresponds to a Hy-car
in the H2_50_01, while the dirty old cars remain on the road in
both scenarios). The decrease in the H2_100_01 scenario (100% H,
cars) is larger, of up to 10 ppb (~10%) in western and central
Europe. The largest decrease of approximately 20 ppb occurs in
northern Italy, due to the replacement of traditional fuel with Hy
in two-wheelers.

PM 2.5, like CO, decreases very little in the H2_50_01 scenario
compared to the CLE2020 (Fig. 4). The decrease is less than 1%, and
is quite uniform over the land areas. For the H2_100_01 scenario,
the decrease is larger, of up to 1 pg/m>, or 10%. In western Europe,
the largest decrease is in northern Italy. This scenario also results in
a significant decrease in PM 2.5 in eastern Europe, of 5—10% and
locally larger in some urban areas.

In the scenario with 50% H, cars (Fig. 5) the average NOx de-
creases by 0.5 ppb in medium polluted areas and by up to 2 ppb in
most polluted urban areas; the relative decrease over western
Europe is of 10—15%. In the scenario with 100% H, cars, the NOy
decreases even more. The relative decrease over western and
southern Europe and urban areas in eastern Europe is of 30—50 %;

PM2.5 H2-50-01 (ug/m?®)
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the absolute decrease is up to 3 ppb in polluted areas and up to 5 ppb
in most polluted urban centers. In this scenario, only few cities in
Europe still have average NOy mole fractions of more than 10 ppb.
The highest NOx regions are now over sea, along the ship tracks in
Mediterranean, English Channel and the North Sea. Transported
emissions from ships become in this case one of the significant
sources of pollution in the coastal areas in Benelux and UK.

Average ground Os is shown in Fig. 6 for the H2_50_01 and
H2_100_01 scenarios, together with the differences between these
and the CLE2020 scenario. Converting 50% of cars to H; cars in the
H2_50_01 scenario has a small influence on Os (compared to
CLE2020): background Os in south and south-east Europe decreases
by 0.2—0.3 %, while in polluted areas it increases by up to 4%. For the
H2_100_01 scenario the changes are larger: background O3 de-
creases by 1—2%, while in polluted areas O3 increases by up to 10%.
These changes are qualitatively similar to the ones between the
CLE2020 and NOW scenarios: in polluted areas, where NOy
decreased the most, O3 increases towards the continental back-
ground due to less chemical consumption; in background areas O3
decreases due to less precursor emissions. In absolute values, the O3
never increases in polluted areas above the continental background.
This relative increase in O3 in western European polluted regions is a
well-known feature, and it has been shown that decreasing pre-
cursor emissions does not always lead to a decrease in O3 population
exposure in urban areas (e.g. Colette et al., 2011). The behavior of O3
for all scenarios is analyzed in more detail in Section 3.5.

OH (Fig. 7) has a behavior similar to the one of Os. In the
polluted areas in western Europe, the OH mole fraction recovers
towards the regional background (increased production from Os,
and decreased consumption by NOy and CO); the largest changes,
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Fig. 4. PM 2.5 concentrations for the simulations with 50% (H2_50_01) and 100% (H2_100_01) H; cars (left panels), and the relative differences between these and the CLE2020
simulation (right panels). The figure shows annual means at ground level. Note that the color scales are different between left and right panels. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.).
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Fig. 5. NOx mole fractions for the simulations with 50% (H2_50_01) and 100% (H2_100_01) H, cars (left panels), and the relative difference between these and the CLE2020
simulation (right panels). The figure shows annual means at ground level. Note that the color scales are different between left and right panels. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.).
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Fig. 6. O3 mole fractions for the simulations with 50% (H2_50_01) and 100% (H2_100_01) H, cars (left panels), and the relative difference between these and the CLE2020
simulation (right panels). The figure shows annual means at ground level. Note that the color scales are different between left and right panels. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.).
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Fig. 7. OH mole fractions for the simulations with 50% (H2_50_01) and 100% (H2_100_01) H; cars (left panels), and the relative difference between these and the CLE2020
simulation (right panels). The figure shows annual means at ground level. Note that the color scales are different between left and right panels. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.).

of up to 10% in the H2_50_01 scenario and 30% in the H2_100_01
scenario, are in Benelux and the UK. The background OH de-
creases over land areas by up to 5% in H2_50_01 and up to 20% in
H2_100_01. This decrease is the net effect of decreased produc-
tion from O3 and decreased consumption by NOy and CO. The
absolute OH decrease is much larger in southern than in north-
ern Europe.

3.5. O3 detailed analysis

As already shown, O3 behaves differently than the other pol-
lutants, because of the complex chemistry controlling its mole
fractions. In our simulations, the annual average of O3 over the
whole model domain did not change significantly in the future
scenarios compared to present. However, when looking at smaller
spatial scale, there are patterns that may seem contradictory: in
polluted areas (e.g. Benelux and UK) the O3 increased for the future
(cleaner) scenarios, while the background O3 decreased slightly.

O3 mole fractions are highly variable in time, being higher
during day than during night, and higher in summer than in winter.
The damaging effects on human health and ecosystem are mainly
related to the high summer day-time mole fractions. Fig. 8 shows
the average diurnal variation in O3 for the whole year, and the
summer and winter months separately; the separate panels show
averages over the whole model domain, and over the polluted area
of Benelux, separately. Although the whole-domain, whole-year
diurnal cycle does not change between the scenarios, in the sum-
mer diurnal cycle a small decrease for the future scenarios
(compared to the present) is evident; this decrease is largest during
the day-time maximum. When looking separately at the Benelux
area (where the annual average Os increased significantly for the

future scenarios), we see that the increase is larger during night
time and during winter, thus when the mole fractions are lowest.
That means that the O3 maxima increase less than the mean mole
fractions. Also, it is evident from this figure that the O3 maxima in
the polluted areas (where the O3 annual average increased) are still
well below the background.

Fig. 9 shows the proportion of the population in our model
domain that is exposed to different levels of Os. Plot 9a shows the
scaled person hours (that is, scaled to the total number of persons
in our domain and to the total number of hours in our simulation)
for each level of O3, for each scenario, calculated over 1 year using
hourly data; plot 9b shows, for the same data, the differences be-
tween the future scenarios and the present. The O3 values (x-axis)
were binned in 2-ppb intervals. We used population count distri-
bution for the year 1995 based on the Gridded Population of the
World, Version 2 (GPWv2, 2000). This figure shows that the
exposure of the population to medium levels of O3 (approx.
20—45 ppb) increases in the future scenarios, while the exposure to
high levels of O3 (>45 ppb) decreases; the exposure to very low
levels of O3 decreases as well. Also, there are significant differences
between the future scenarios — the decrease in exposure to high
levels of O3 (and the increase in exposure to medium O3) is larger
for the Hy-vehicle scenarios. The picture is qualitatively similar
when looking separately at the Benelux area (Fig S1 in the
Supplementary material). For this area, however, the increase in
exposure to medium levels of O3 is larger, while the decrease in
exposure to high levels of O3 is much smaller than over the whole
model domain.

We made a similar comparison for the 8-hr running mean daily
maxima of O3 calculated following the procedure used for assessing
population exposure (EU, 2008). The results are presented in the
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Fig. 8. Average diurnal cycles of O3, from top to bottom: whole year, summer (Jun—Aug), and winter (Dec—Feb). The left plots show diurnal cycles over the whole LE domain. For the
middle and right plots, two highly polluted regions in western Europe were selected, one in Benelux (lon 4 ... 10 °W, lat 50 ... 52.5 °N) and one in UK (lon -3 ... 1 °W, lat 51 ...
54 °N).
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Fig. 9. Population exposed to different levels of O3 for the different scenarios, for the whole LOTOS-EUROS domain. (left) Person hours versus O3 level for the whole year, scaled by
the total population in the domain and the total number of hours, and expressed in %. (right) Differences in person hours (%) between each scenario and the NOW scenario. Note that
the y-values depend on the O3 bin size; the O3 bins used here are 2 ppb.
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Supplementary material, for the whole model domain, and sepa-
rately for Benelux area (Fig. S2). The general picture for the whole
domain is similar to the one based on 1-hr data: the number of
person days exposed to high (>45 ppb) O3 8-hr maxima decreases,
while the exposure to medium levels of O3 increases. The number
of person days that exceed the European and WHO limits (60 ppb
(EU, 2008), and 50 ppb (WHO, 2006), respectively) is lower in the
future scenarios compared to the present, and again lower in the
H,-vehicle scenarios compared to CLE2020. Although the tendency
is similar for the polluted Benelux area, the decrease in population
exposure to high levels of Os is very small here, while the increase
in the population exposure to medium levels of O3 is relatively
large. Note, however, that the overall O3 mole fractions are smaller
in this area than for the whole model domain average, and there are
much fewer occurrences of daily maximum 8-hr averages above
60 ppb to begin with.

In summary, the observed increases in the annual average O3 for
the future scenarios mainly arise from increases during low O3
levels; the overall population exposure to high O3 levels, both in
terms of hourly averages and of daily maximum 8-hr means, de-
creases significantly (over the whole domain) or does not change
much (in Benelux); and the population exposure to medium level
O3 increases.

3.6. Influence of the Hy leak rate

In this section we compare the scenarios with low H, leak rate
(0.1% Hy leak, scenarios H2_50_01 and H2_100_01) with the sce-
narios with high H; leak rate (4% H, leak, scenarios H2_50_4 and
H2_100_4) for estimating the influence of the additional Hj
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emissions on the atmospheric composition.

Fig. 10 shows the relative differences in annual average ground
level H, between the four scenarios including Hy cars and the
CLE2020 scenario. The atmospheric mole fraction of H; increases
in all scenarios including H, cars, relative to the CLE2020 sce-
nario. In the low leakage scenarios, however, anthropogenic
emissions of Hy are lower than today (NOW), and atmospheric
levels of Hy are slightly lower than today as well (not shown in
figure). In the high leakage scenarios, ground level atmospheric
Hy averaged over the model domain increases by approx. 5% in
H2_50_4 and 10% in H2_100_4 compared to CLE2020. The in-
crease is largest in high road density areas; here the Hy can in-
crease locally by up to 20% in H2_50_4 and by 50% in H2_100_4. It
should be noted that, as H is a long lived species and in our
simulation the lateral and top boundaries are fixed, this result is
likely an underestimation of the potential increase in atmo-
spheric H, over Europe.

For the 100% H, cars scenarios, the difference between 4% and
0.1% H; leak rates leads to a decrease in OH of up to 1% (Fig. 11). The
associated increase in NOy is of up to 1% and the effect on the other
species is much smaller. There is no noticeable effect on CHy —
which is expected, since CH4 has a lifetime of 9 years, and its
residence time within our domain is only several days. Thus, the H,
added into the atmosphere can lead to small increases in some
pollutants (e.g. NOy), but the effect is much smaller that the
decrease in pollution due to the decrease in pollutant and precursor
emissions in Hy scenarios compared to CLE2020. Note that this
estimate only refers to the influence of Hy on other species within
our limited domain; the global influences cannot be assessed from
our study.
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Fig. 10. Relative differences in H, mole fractions between the scenarios including H, cars (H2_50_01, H2_50_4, H2_100_01 and H2_100_4) and the CLE2020 scenario. The plots
show annual averages of ground level mole fractions. Note the difference between color scales. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.).
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Fig. 11. Influence of the H; leak rate on OH and NOy. The figure shows the relative differences between the high and low leak scenarios H2_100_4 and H2_100_01.

4. Discussion and conclusions

We simulated the future air quality in Europe, replacing part of
or all traditionally-fuelled vehicles by Hy vehicles (fuel cell), and
taking into account the present and planned European legislation.

In general, our simulations show that the air quality will
improve in the future in the CLE2020 scenario, and further
(smaller) improvements will occur if land transportation will be
converted to Hy. As expected, the largest improvements in air
quality occur in and around urban centers, where the influence on
human health is large.

One important aspect of our study is that in our reference sce-
nario (CLE2020), the future atmosphere is much cleaner than the
present one, even without H, cars. This is because Europe has
current and planned regulations much stricter than most of the
world, and we assume these will be all successfully implemented.
Because of this already clean future atmosphere, the additional
improvement brought by the H; vehicles is relatively small. This is
the major difference between our work and the previous studies on
the effect on air quality of a Hy-based economy (Jacobson, 2008;
Jacobson et al., 2005; Schultz et al., 2003; Wang et al., 2013a;
Warwick et al., 2004). All these previous works compared a high-
ly polluted “baseline” situation with a clean H; scenario, and found
dramatic improvements in air quality when (part of) the economy
or transportation is converted to H,.

Our study is the second after Wang et al. (2013a) to place the
simulations in the future. Wang et al. performed global simulations,
with a higher resolution focus area over the US territory. Their
baseline emission scenarios are based on the IPCC-SRES growth
scenarios A1F1 and B1 (Nakicenovic et al., 2000), combined with
present-day fossil fuel burning emission factors. The simulations
using these baseline scenarios predict significantly increased air
pollution in 2050 compared to present, which is in contrast to our
baseline being the relatively clean CLE2020 scenario. Therefore, in
their simulation, the air quality then improves significantly,
compared to the highly polluted future baseline, when switching
all the road traffic to H.

The differences discussed above reflect the much stricter Euro-
pean traffic emission regulations, both present and future,
compared to the rest of the world. However, these are based on
existing and planned regulations, and not on existing technology. In
practice, complying with stricter emission limits becomes gradually
more difficult from a technological point of view. Our results show
that Hy vehicles could be, in fact, part of the solution to fulfill the
future European low emission requirements.

Among all pollutants considered, particulate matter has the
largest effects on human health. There is a clear quantitative

relationship between PM exposure and increased mortality and
morbidity, and no threshold has been identified below which no
damage to health is observed (e.g. Hoek et al., 2013; Pope et al.,
2002; WHO, 2006). In Europe, outdoor exposure to fine PM leads
to about 100 000 deaths and 725 000 years of life lost annually
(WHO, 2002). Assuming a linear relationship between the PM2.5
levels and mortality, the decrease in PM2.5 of about 20% between
the NOW and CLE2020 simulations (Section 3.3) would lead to a
decrease of 20% in the PM2.5 related mortality, thus to about
20 000 deaths avoided annually in Europe.

While most pollutants decrease with the decrease in emissions,
ground level O3 behaves differently, due to the complex atmo-
spheric chemistry controlling its mole fractions. At present, a high
NOy region exists in western Europe, roughly covering Benelux and
the south-eastern part of the UK, where O3 is on average lower than
the continental background, due to titration by NO. Here, O3 pro-
duction is in the VOC limited regime, and increases with the
decrease in NOy emissions, as seen in our future simulations. The
annual average Os increases in this region in the future scenarios;
the increase in O3 in this region is however largest under low-03
conditions (night and winter). Despite this increase in average O3
mole fractions, the population exposure to very high day-time
ozone mole fraction decreases over the entirety of Europe. Never-
theless, the Os situation in Benelux highlights the importance of
controlling VOC emissions, in particular in this area.

In the present scenario (NOW), traffic emissions account for an
important fraction of total emissions. In the CLE2020 scenario
(without Hj cars), traffic emissions decrease significantly, and
much more than the emissions from other categories; the conse-
quence is that traffic emissions become a much smaller contributor
to the total. As shown in this paper, H; cars still reduce emissions
and atmospheric mole fractions further. However, the other emis-
sion categories become proportionally more important and, for
further improvements in air quality, stricter regulations on emis-
sions from non-road traffic sectors (e.g. sea traffic) are necessary,
and possibly more effective.

For example, while for most categories the emissions decrease
in the future, shipping emissions increase in all future scenarios
compared to the present, and their relative contribution to pollu-
tion increases even more as road traffic emissions decrease. That is
because shipping emission regulations are currently quite lenient.
The pollution from ships is also transported towards coastal regions
and affects densely populated regions in Benelux and UK. This is
thus an issue that still needs and can be improved by setting stricter
emission regulations.

One other important result of this work is related to the addi-
tional H; released into the atmosphere through leakage. Although
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the reaction of this additional H, with OH leads to small increases
in several pollutants, the effect is small compared to the decrease in
pollutants that comes with the decreases in pollutant emissions.
Because of this, the results of our study can be considered as
representative for the effect on air quality of any other low emission
technology. The high leakage scenarios lead however to consider-
able increases in atmospheric Hy; moreover, this increase is likely
underestimated in our simulations because of fixed lateral and top
boundaries. The increased atmospheric H, can have effects on the
global atmosphere that cannot be estimated with our modeling
setup.

The main sources of uncertainty in our results are due to (1)
model errors and (2) uncertainties in emissions. Uncertainties in
model simulations could arise from lack or insufficient parame-
terization of physical processes, finite resolutions, limited input
data, etc. The model performance is therefore continuously verified
by comparison with observations (Section 2.1). Note that the
impact of model uncertainties is limited by focusing on yearly
average concentrations as the end-result: while hourly concentra-
tions can differ substantial from observations, the yearly average is
much more accurate. However, since we use the same model setup
and meteorology for all the simulations, the uncertainties of the
relative differences reported are mainly driven by the uncertainties
in emissions. For O3 and NOy, additional uncertainties are related to
the ability of the model to simulate the nonlinear chemistry of
these species, and are difficult to estimate. The emission data
include uncertainties in activity data (5—10% for the present
emissions, EMEP/EEA, 2013) and in emission factors (up to 20%,
EMEP/EEA, 2009). The future emissions depend on economic
growth, penetration of new technologies and many other auto-
nomic developments that are difficult to predict with certainty.
These uncertainties in emissions will have less impact on the
relative differences between scenarios than on each simulation;
also, the differences between future scenarios will be less affected
by uncertainties (since they share the same activity data) than the
differences between present and future scenarios.

In general, the fixed boundary conditions in our simulations are
expected to lead to an underestimation of the differences between
scenarios. This effect will be larger for the longer lived species like
H, and CO. Thus in reality, the effects of changing the emissions
could be slightly larger, and they will depend on what happens in
the rest of the world.

Because of the larger potential uncertainties in the individual
simulations, we did not focus on comparisons with air quality limits.
Instead, we focused on the relative differences between the different
simulations, which are much less affected by model errors.

Like the previous studies regarding the possible future H,
economy, our study does not account for the effects of future
climate change on e.g. emissions, atmospheric chemistry or soil
deposition. The possible effects of climate change on air quality are
complex: for example, it is generally predicted that a warmer
climate could lead to a slight increase in pollution levels, while an
increase in precipitation can lead to pollution decrease (e.g. Colette
etal., 2013; Fiore et al., 2012; Isaksen et al., 2009; Jacob and Winner,
2009). Model studies have shown that the climate impact on future
air quality is in general much smaller than the impact of change in
emissions. However, Hedegaard et al. (2013) found that in the
Benelux area, climate change could have more influence on ground
level ozone than the changes in ozone precursors, and would lead
to an additional increase in Os. In this case the increases in O3 could
be significantly larger than our estimates. Regarding our compari-
son between scenarios with and without H; cars, a warmer climate
would affect all future simulations, and the resulting effect of
climate on the relative differences between scenarios would likely
be smaller than the absolute effect on each individual scenario.

In summary, we have shown that (1) air quality in Europe im-
proves in the future, if we assume that current and planned legis-
lation is successful; (2) air quality improves further with the
introduction of Hy vehicles, thus Hy vehicles may be an effective
pathway to fulfil the strict future EU air quality regulations; (3) with
the decrease in traffic emissions, other emission categories become
more important and will have to be better regulated; (4) the
additional H, from leakages does not significantly affect the air
quality in Europe, as long as the leak rate is kept below 4%.
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