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Hydrogen is named as possible energy carrier for future energy systems. However, the impact of large-
scale hydrogen use on the atmosphere is uncertain. Application of hydrogen in clean fuel cells reduces
emissions of air pollutants, but emissions from hydrogen production and leakages of molecular
hydrogen could influence atmospheric chemistry. This paper combines a global energy system model
and a global atmospheric model to explore the range of impacts of hydrogen on atmospheric chemistry.
We found that emissions of molecular hydrogen may range from 0.2 up to 10% (or 25-167 Tg hydrogen/
yr) for a global hydrogen energy system. The lower end of this range would in fact be equal to current
emissions from fossil fuel combustion. Hydrogen energy use leads to a clear decrease in emissions of
carbon monoxide, nitrogen oxides and sulphur dioxide, but large-scale hydrogen production from coal
may lead to net increase in emissions of nitrous oxide and volatile organic compound. Compared to a
reference scenario, this would lead to positive impacts on surface concentrations of carbon monoxide,
nitrogen oxides and ozone. However, if hydrogen leakage would not be minimised it leads to an increase
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in methane lifetimes and a decrease in stratospheric ozone concentrations.
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1. Introduction

Hydrogen is named as a possible, attractive, energy carrier for
future energy systems (Azar et al., 2003; Barreto et al., 2003;
Edmonds et al., 2004; Hedenus et al., 2010; van Ruijven et al., 2007,
2008). Its strengths are that it can be produced from many primary
energy sources, can be more easily stored than electricity, and
allows for a very low emission of air pollutants during the end-use
stage. Moreover, from a climate policy perspective, hydrogen-
based energy systems allow for centralised production of hydrogen
based on renewables and/or fossil energy combined with carbon
capture and storage. As such, hydrogen-based energy systems form
a direct alternative to electricity-based systems, and the choice
between them depends on (expected) developments in technical
improvements of relevant technologies and societal preferences.

The overall impact of a hydrogen-based energy system on
atmospheric chemistry is uncertain. On the one hand, the use of
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hydrogen in clean fuel cells eliminates the end-use phase emission
of air pollutants, such as sulphur dioxide (SO, ) and nitrogen oxides
(NOy). On the other hand, air pollutant emissions could still occur
during hydrogen production (see Section 3). More importantly,
some studies have claimed that large-scale emission of molecular
hydrogen from system leakages could also lead to enhanced
climate change (Derwent et al., 2006) or influence the chemical
composition of the atmosphere (Price et al., 2007; Sanderson et al.,
2003). Such changes may lead, for instance, to a severe reduction in
stratospheric ozone concentrations (Tromp et al., 2003). Other
studies, however, claim overall positive impacts on tropospheric
air quality (Schultz et al., 2003). The uncertainty about the
atmospheric consequences of large-scale hydrogen use is obvious-
ly important in deciding whether such a system would be
attractive or not. In that respect, it should be noted that current
studies into the air pollution impacts of large-scale hydrogen use
tend to have used very stylised scenarios: they are not based on
explicit modelling of the energy system or the emissions
associated with it. This is a major limitation as the expected use
of hydrogen, the intensity of leakages and emissions form major
sources of uncertainty.

For the current paper, we explored the air pollution con-
sequences of large-scale hydrogen use in more detail. The paper
contributes to the existing literature in two ways. First, we
systematically analysed the impacts of two determining factors on
hydrogen emissions: (a) the hydrogen use and (b) the leakage
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rates, in order to find out which uncertainties could have a crucial
influence on the outcomes. Second, we used realistic emission
scenarios that fully describe the impact of large-scale hydrogen use
in the energy-system, including emissions from hydrogen produc-
tion and avoided emissions from substituted energy carriers.

For this purpose, we combined two different modelling
systems: a global energy model and an atmospheric chemistry
model. First, the role of hydrogen in the global energy system and
the related emissions have been calculated using the global energy
system simulation model TIMER which was used to develop a set of
widely diverging scenarios with respect to hydrogen application
(van Ruijven et al., 2007, 2008). In the present study, these energy
scenarios were combined with different assumptions on hydrogen
emission factors. In a second step, the emission data were fed into
the Community Atmosphere Model (CAM) (Lamarque et al., 2005,
2008) to determine the impacts on atmospheric chemistry.

In Section 2, we first introduce the applied models and
scenarios. Next, in Section 3 we discuss the emissions associated
with different steps in the hydrogen energy system. In Section 4,
we subsequently discuss the impacts of these emissions on
atmospheric chemistry, while finally in Section 5 the main
conclusions are presented.

2. Methods

As a basis for the study, we used a set of energy scenarios with
and without large-scale hydrogen application recently developed
by van Ruijven et al. (2008, 2007). In this section, we first briefly
describe the models that have been used in this study, followed by
a description of the energy scenarios.

2.1. Models

2.1.1. The energy model TIMER

The TIMER 2.0 model (van Vuuren et al., 2006) is a global energy
model that forms part of the IMAGE 2.4 integrated assessment
model (Bouwman et al.,, 2006). The TIMER model is a system-
dynamics energy model that simulates year-to-year investment
decisions based on a combination of bottom-up engineering
information and specific rules on investment behaviour, fuel
substitution and technology. In the TIMER 2.0 model, demand for
end-use energy is related to economic activity in five sectors:
industry, transport, residential, services, and other (the latter
includes energy use in the agricultural sector). The demand
formulation includes autonomous and price-induced changes in
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energy-intensity. Energy supply is based on fossil fuels (coal, oil,
natural gas), biomass, solar and wind power, hydropower and
nuclear power. In the model, twenty-six world regions can trade in
fossil fuels and biofuels. The production of each primary energy
carrier includes the dynamics of depletion and learning-by-doing.

The hydrogen submodel in TIMER describes production, demand
and technology dynamics of hydrogen-related technologies. Hydro-
gen can be produced from fossil energy sources (potentially in
combination with carbon capture and storage, CCS), biomass,
electricity and solar thermal heat. In the model, hydrogen production
costs are based on capital costs, operation and maintenance costs,
fuel costs, and, if relevant, CO, capture and storage costs. Each of the
production technologies can be influenced by technological learning:
capital costs decline with increasing cumulative installed capacity.
Hydrogen can be used in all five end-use sectors. In each of these
sectors, it competes with other secondary fuels for market share, on
the basis of production costs, end-use investments and infrastruc-
ture costs. The total demand for hydrogen equals the market share
multiplied by the sectoral energy demand.

In terms of infrastructure, the model distinguishes two steps:
transport and distribution. Transport involves the step from large-
scale plants to residential areas or refuelling stations. The transport
step is only applied to hydrogen that is produced in large-scale
facilities and includes the costs for a hydrogen transport network
(e.g. pipelines or trucks). The distribution step includes the final
distribution of hydrogen to the end-user, such as the small-scale
networks in residential areas or the actual refuelling stations. The
distribution step is applied to both large-scale and small-scale
produced hydrogen (see Fig. 1).

Because the development of hydrogen transport infrastructure
is expensive, it is assumed that hydrogen for stationary applica-
tions will initially only be produced from small-scale steam
methane reforming plants near end-use locations. Only when
hydrogen demand rises above a certain threshold, investments in
large-scale infrastructure (pipelines) are made in the model; after
this hydrogen for stationary applications can be supplied from
both small- and large-scale hydrogen plants. The threshold to
switch from small-scale to large-scale systems is assumed at 3 GJ/
capita (optimistic) to 11 GJ/capita (pessimistic), based on data from
Ogden (1999b) and Thomas et al. (1998). For the transport sector,
in contrast, we assumed that hydrogen could be produced on all
scales right from the start, since demand is concentrated at fuelling
stations that can be supplied by truck. Finally, it is assumed that
hydrogen can also be mixed into the natural-gas grid, a route that
can only be supplied by large-scale production facilities.

H, end-use

H, for mobile applications
(from small-scale and large-
scale production)

Mix in natural-gas grid >

H, for stationary applications
(small-scale production)

Stationary

H, for stationary applications
(large-scale production, only
with >3-11 GJ/capita H , use)

Emissions:
H, from (on-board)
torage and fuel cell

Fig. 1. Production, transport, distribution and end-use of hydrogen in the TIMER model, and emissions related to these stages in the hydrogen chain.
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Emissions are calculated in the model by multiplying energy
production and consumption flows with relevant emission factors.
These emission factors are derived from the EDGAR 4.0 database
(European Commission Joint Research Centre (JRC)/Netherlands
Environmental Assessment Agency (PBL), 2009). For H, production
and consumption, emission factors were added to the model for
the purpose of this paper as is elaborated in Section 3.1.

2.1.2. Community Atmosphere Model (CAM)

To simulate the changes in short-lived air pollutants including
aerosols, we used a modified version of the Community Atmo-
sphere Model (CAM), version 3.5 (Gent et al., 2009). The model
configuration that was used in this study included a horizontal
resolution of 1.9° (latitude) by 2.5° (longitude) and 26 hybrid
levels, from a surface level to around 40 km height, with time steps
of 30 min. The chemical mechanism used in this study was
formulated to provide an accurate representation of both
tropospheric and stratospheric chemistry (Lamarque et al,,
2008). We use the representation of stratospheric chemistry from
version 3 of the MOZART model (Kinnison et al., 2007); in addition
our model configuration uses a representation of non-methane
hydrocarbon chemistry in the troposphere, in addition to the
standard methane chemistry, extended from Houweling et al.
(1998) with the inclusion of isoprene and terpene oxidation and
updated to JPL-2006 (Sander et al., 2006). In addition, this model
includes a representation of aerosols based on the work by Tie et al.
(2001, 2005), which state that sulphate aerosol is formed by the
oxidation of SO,; in the gas phase by reaction with the hydroxyl
radical, and in the aqueous phase by reaction with ozone and
hydrogen peroxide. Additional information on the aerosol repre-
sentation can be found in Lamarque et al. (2005).

At the lower boundary, the time-varying (monthly values)
zonally averaged distributions of CO,, CH4 and relevant halocar-
bons (CFC-11, CFC-12, CFC-113, HCFC-22, H-1211, H-1301, CCly,
CH3CCls, CH5Cl and CH3Br) were specified following the datasets
used in Garcia et al. (2007) and were fixed at their 2000 level. In
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addition, the monthly averages for the time-varying observed sea
surface temperatures (SSTs) and distributions of sea ice were taken
from the Hadley Centre’s climatological mean (Rayner et al., 2003).
Emissions of tropospheric ozone precursors and aerosols were
constant throughout the simulations, and representative of the
year 2000.

For this study, the Community Atmosphere Model was
extended with a description of hydrogen emissions and deposition
(instead of being fixed at the surface through a constant mixing
ratio of 500 ppbv in the standard configuration). The model was
run with emissions for the years 2000 and 2100 for a period of 20
years to reach equilibrium in atmospheric chemistry. Only the last
5 years of each 20-year period were analysed.

In all simulations, we focused on the impact of the emissions of
CO, NO,, SO, and H,. The rationale for this was to focus on the
impact on tropospheric chemistry and surface air quality caused by
changes in emissions as a result of large-scale hydrogen use.
Subsequently, we studied the impact of those changes on the
methane lifetime. In addition, to simplify the analysis and focus on
the impact from H, emissions and ozone precursors only, no
change in climate between 2000 and 2100 was considered.
Because of the limited variations in scenarios with VOC emissions
(see results), all our simulations were performed using the same
amount of VOC emissions. While this is clearly a simplification, it
can be further justified on the fact that the change in VOC
emissions discussed above only pertains to the anthropogenic
portion of VOC emissions. While significant, it is only part of the
very uncertain change in VOC emissions associated with climate
change and CO, effects (Young et al., 2009). This assumption of
constant emissions will therefore necessitate the use of a full Earth
system model to be fully addressed.

2.2. Scenarios

The scenarios used in this study are based on a detailed
description of the energy system. This allowed us to explore the full
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Fig. 2. Global final energy use (upper graphs), hydrogen production (middle graphs) and primary energy use (lower graphs), according to the Baseline (left), intermediate

(middle) and optimistic (right) hydrogen scenarios (van Ruijven et al., 2007).
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implications of introducing hydrogen into the energy system. This
is a net result of (1) the decrease in emissions of atmospheric
pollutants associated with the end-use energy carriers replaced by
hydrogen, and (2) the increase in emissions from hydrogen
production and from leakage. As such, emission scenarios for
molecular hydrogen cover the emissions from the hydrogen energy
system, from fossil fuel combustion, from biomass combustion and
from oceans (see also Section 3.3).

The scenarios are formulated around two important uncertain-
ties (see also Fig. 2): (1) the hydrogen application rates (Baseline,
H, Intermediate and H, Optimistic scenarios), and (2) the
hydrogen emission factors (‘leakage’) in various stages of produc-
tion and consumption (low leakage and high leakage scenarios).

2.2.1. Hydrogen application rate and energy scenarios

The application rate of hydrogen in future energy system is
highly uncertain. Based on current technology, hydrogen is too
expensive to become a major end-use carrier (van Ruijven et al.,
2007). However, it is expected that its costs will decrease as
technologies significantly improve over time. In earlier work (van
Ruijven et al., 2007), we developed three scenarios based on
optimistic, intermediate and pessimistic (baseline) assumptions
about the technology characteristics and societal preferences that
determine the application of hydrogen. In the H, Optimistic
scenario, we assumed that technology development for hydrogen
production and fuel-cell technologies will reach the levels of low
cost estimates in the literature as early as in 2030. Moreover, we
assumed that infrastructure development issues would be solved
by that time as well. As a result, based on rapid growth rates,
hydrogen would become the major energy carrier in the second
half of the 21st century. In contrast, for the baseline scenario, we
used pessimistic technology development rates as discussed in the
literature. Under these scenario circumstances, no breakthrough
would occur, and application rates would be so low that this
scenario can be regarded as a no-hydrogen application scenario (or
baseline). The intermediate scenario is between these two
alternatives: some technology progress is made in the first half
of the century, but the dilemma of infrastructure development is
not solved (major infrastructure development is needed to allow
large-scale hydrogen production that would induce innovation;
however, these investments are only economic if hydrogen is
cheap enough). van Ruijven et al. (2007) combined these
hydrogen-specific scenarios with a second uncertainty: the
presence of climate policy. Here, however, we decided to only
look at the scenarios without climate policy (as these already
provide a wide range to explore the impacts on atmospheric
chemistry). In the no-climate policy scenarios, production of
hydrogen is heavily based on coal (Fig. 2) as this provides the least
expensive feedstock for H, production.

2.2.2. Emissions from large-scale hydrogen use

Emissions of molecular hydrogen per unit of energy are
uncertain. In order to explore the impact from different assump-
tions on hydrogen emissions in the various stages of hydrogen

Table 1

Combinations of scenarios of hydrogen use with leakage scenarios and those used in
atmospheric chemistry calculations (colours indicate line colour of these scenarios
in the Figures of this paper).

Low H, leakage rates
Intermediate H, Intermediate Low
Leakage
Hj Optimistic High Leakage

High H; leakage rates

H, Intermediate High Leakage

Optimistic

H) Optimistic Low Leakage

production and use, we reviewed available literature on emission
factors and used this to make two sets of emission factors: (1) high
emission factors and (2) low emission factors. This is described in
Section 3. Three scenarios of hydrogen technology development
(Baseline, Intermediate and Optimistic), together with two
scenarios of leakage rates (high leakage and low leakage) were
combined to form a total of five scenarios (Table 1).

3. Emission scenarios

In a hydrogen-based energy system using fuel cells, hydrogen
emissions may occur during the production, distribution and use of
hydrogen. Emission of other air pollutants, however, can only
occur in the hydrogen production phase. The emission rates during
the various phases, both for hydrogen and other pollutants, are
discussed below.

3.1. Emissions of air pollutants from hydrogen production

In contrast to the vast amount of papers on hydrogen
production chains, very little information is available on the air
pollutant emissions associated with each of these chains. An
important reason is that most studies focus on the impact of
hydrogen-based system on emissions of greenhouse gases,
ignoring the impact on atmospheric pollutants (GM, 2001, 2002;
Joint Research Centre, 2007). As a result, our assumptions had to be
based on only a few studies (Brinkman et al., 2005; Colella et al.,
2005; S&T, 2003). Interestingly, even within this limited set of
studies, a wide range of estimates was found (see Table 2).

We focused our analysis on three possible hydrogen production
methods: (1) steam methane reforming (SMR), (2) coal gasifica-
tion, and (3) biomass gasification (the production methods of
hydrogen based on renewable energy that might be available on
the long-run will not lead to emissions of air pollutants).

In general, SMR is expected to lead to considerably lower
emissions of most air pollutants than the last two methods. In
general, the reported emissions were indeed low, except for NOy
and CO. Still, Colella et al. (2005) indicated much lower CO and NO,
emissions than studies by S&T Consultants (2003) and Brinkman
et al. (2005). For PM;,, the opposite is true — with low values
reported by S&T Consultants (2003) and very high numbers by
Brinkman et al. (2005). For CO and NO, from coal gasification again

Table 2
Emission factors for hydrogen production in grams per GJ fuel input.
Steam methane reforming Coal gasification Biomass
Colella et al. (2005) S&T (2003) Brinkman et al. (2005) Colella et al. (2005) S&T (2003) S&T (2003)
VOC 0.190 1.804 83.597 9.479
co 0.071 7.583 8.941 289.574 7.203 47.393
NO, (NO3) 0.998 18.956 13.269 4.261 27.866 71.090
PM;q 0.095 11.218 4.170 23.697
SOy (SO3) 0.095 30.062 27.866 10.750
CH4 1.033 0.379 8.815 1.896
N,O 0.284 1.232 3.791
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a wide range was reported (with NO, values similar to SMR - and
CO potentially much higher). In the studies, there was little
reported variation in sulphur emission estimations: available
studies used values around 30 g/GJinpur, Which can be regarded as
rather low compared to unabated emissions of 230-525 g/GJinput
for electricity production from coal (Graus and Worrell, 2007). The
values for biomass are different from coal as a result of the
differences in feedstock. While reported PM;q, NO, and CO
emissions are considerably higher, SO,, VOC and CH,4 emissions
are lower.

Emission levels from hydrogen production with carbon capture
and storage are unknown. For SMR, it may be assumed that the
emission levels of air pollutants other than CO, are similar, as
carbon is likely to be captured from the pure CO, stream of
reforming rather than from the combustion gases. For other
hydrogen production technologies we were unable to obtain any
information. For consistency, we decided to completely use the
data set from the study by S&T (2003), because their database
reports on emission factors for all air pollutants.

3.2. Leakage of molecular hydrogen during transport, distribution and
end-use

3.2.1. Long-distance transport: hydrogen ships or HVDC cables

Transport of the secondary fuel hydrogen over long distances is
expensive, compared to the transportation of primary energy
carriers. Therefore, it is unlikely that large amounts of hydrogen
are transported over long distances. However, if at remote
locations hydrogen can be produced from renewable energy
sources (hydro-electricity, wind power or geothermal energy),
large-scale transport may be still more attractive than that of high-
voltage electricity (Stiller et al., 2008). In such situations, Stiller
et al. (2008) indicate that transporting liquid hydrogen by sea is an
attractive transportation option for distances of more than
2000 km. Although the associated energy loss would be rather
high (4.8% for a 2400 km trip), some of the evaporated hydrogen
could be used as fuel and would not necessarily be emitted to the
atmosphere (Stiller et al., 2008). However, still the amount of
evaporated hydrogen is greater than the required amount of
energy for the ship so that 2-3% of the hydrogen might be emitted,
depending on the transport distance and configuration of the
system (Hyways, 2006; Stiller, personal communication).

3.2.2. Liquid hydrogen in trucks and trains

With respect to hydrogen transport in liquid form by trucks or
trains, the major source of leakage is boil-off loss during
transfusion. Estimations for these emissions from the transfusion
process currently vary between 3 and 5% (Air Products, personal
communication; Specht et al., 1998). Emissions from boil-off
during road and railway transport are estimated at 0.05% per day
(Specht et al., 1998).

3.2.3. Pipelines

Pure hydrogen can be transported and distributed either
through dedicated H; pipelines or retrofitted natural gas pipelines.
Using dedicated pipelines involves hardly any leakage, i.e. about
0.1% (Colella et al., 2005; Schultz et al., 2003 ). However, hydrogen
leakage rates from using (retrofitted) natural gas infrastructure can
go up to 10 or 20% (Schultz et al., 2003). Because hydrogen
pipelines are more expensive than retrofitted natural gas pipelines,
it is useful to look into the economics of hydrogen leakages: what
leakage rate from retrofitted pipelines would still be economically
feasible before replacing them by H; pipelines would become more
attractive? For this purpose, we used data from Amos (1998),
Ogden (1999a) and Stiller et al. (2008) to compare the costs of
natural gas infrastructure with hydrogen infrastructure for

distances of 10 and 650 km. Generally, these authors estimated
dedicated hydrogen infrastructure to be 50-80% more expensive
than retrofitted natural gas pipelines. We have expressed the cost-
difference as percentage of the hydrogen production costs, to
identify the leakage rate at which both infrastructures break even.

Currently, the costs involved in large-scale hydrogen produc-
tion would be at least 8-10 USD/GJ (National Research Council,
2004; van Ruijven et al., 2007). At this production cost level, the
price of retrofitted pipelines would allow for leakage rates of 5%
(long-distance transport) or 10-15% (short-distance transport) for
them to still be economically feasible, compared to the use of
dedicated pipelines. As these leakage rates are lower than expected
(i.e. the 10-20% expected by Schultz et al. (2003)), it can be
concluded that distributing (pure) hydrogen through natural gas
pipelines is currently not an attractive option. However, if
hydrogen production becomes cheaper in the long-term future,
the economics may become different. Nevertheless, we consider it
not unlikely that there would be a switch to retrofitted
infrastructure at some point in the future, once, in the initial
phase of a transition, developing dedicated hydrogen infrastruc-
ture would be deemed the most attractive option.

Mixing low concentrations of hydrogen (up to 6.6% on mol basis
(Tabkhi et al., 2008)) in the existing natural gas grid is considered
an attractive option for decreasing the carbon content of natural
gas and for stimulating the development of a hydrogen energy
system (Smit et al., 2007; Zachariah et al., 2004). Data on leakages
of this method are not available, but the permeability of hydrogen
used in non-retrofitted, natural-gas pipelines is likely to be rather
high.

3.2.4. On-board storage and venting of fuel cell stacks

The on-board storage of hydrogen in the form of liquid
hydrogen tanks may also carry a high leakage rate. Boil-off from
these tanks is estimated at between 0.3 and 0.5% (de Wit and Faaij,
2007; Sherifet al., 1997) and 2-3% per day (Amos, 1998). Assuming
a linear fuel use and an average fuelling period of 7 days, this
means that leakages from liquid hydrogen storage would be
between 1.2 and 12% from the initial fuel tank content. It is,
however, not likely that such amounts of hydrogen would be
emitted directly to the environment (Zittel, 2004), as liquid
hydrogen tanks are constructed to have an autonomy period of
several days during which period no hydrogen is vented if pressure
increases, given the enormous safety risks involved. Also, the boil-
off is lead through a catalytic burner in order to prevent direct
emission of hydrogen (Stiller, personal communication).

Furthermore, fuel cell stacks also belong in the row of hydrogen
emission sources. Most present-day fuel cells vent hydrogen and
water vapour at the anode to prevent water from building up
(Colella et al., 2005). This so-called ‘anode purge’ takes 1-3 s and
occurs every 2-5 min. Concentrations of hydrogen in this venting
flow are below 4000 ppm and are closely monitored from a safety
viewpoint (NedStack Fuel Cell Technology BV, personal communi-
cation). Emission of hydrogen from this source could easily be
mitigated by using an afterburner. For our research, we therefore
assume an emission range of 0-1%.

3.2.5. Overall chain emissions

Some authors have estimated hydrogen leakages throughout
the entire fuel chain. Colella et al. (2005) used an upper limit of
10%, while Wuebbles (2008) estimated total leakage to be 7%.
Schultz et al. (2003) used an upper limit of 10-20%, but because of
economic and safety measures, they expected the actual future
leakage rate to be around 3% (see also Schultz et al., 2004).

On the basis of the leakage rates in the individual steps
discussed above, it is possible to distinguish chains of high leakages
and low leakages (Table 3). Chains of high leakage rates contain
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Table 3
Molecular hydrogen leakage rates and estimation of total chain leakage.
Phase Technology Low leakage High leakage
Transport Long distance Ship 0% 2%
Pipeline 0.1% 5%
Short distance Truck (transfuse and boil-off) 2% 5.5%
Pipeline 0.1% 5%
End-use On-board storage 0.3% 1%
FC and on-board system 0.1% 1%
Estimated chain leakage (depends on system configuration) 0.3% 10%

more liquid hydrogen, involve more trucks and more transfuses
between transport modes. The estimates resulting from our
estimates of individual steps — and other studies’ estimates on
chain leakages compared reasonably well. We estimated the
minimum and maximum chain emissions at between 0.3 and 10%,
depending on the configuration of the total hydrogen system.
These estimates do not contain data on emissions from compres-
sors and refuelling, but these can be expected as very low because
of safety regulations.

3.3. Emission from other processes

Hydrogen is not only emitted because of leakages in hydrogen
energy use systems, emissions also originate from combustion
processes of fossil fuels and biomass burning and from oceans (in
the latter case these are natural emissions). Current global
(direct) emissions of hydrogen are estimated between 36 and
48 Tg H,/yr (see Price et al., 2007 for an overview of studies). We
used the assumption of Rhee et al. (2006) on disaggregation to
the different sources: 6 Tg H,/yr originating from oceans, 15 Tg
H,/yr from fossil-fuel burning, and 16 Tg H,/yr from biomass
burning. In estimating future emission trends, we scaled
hydrogen emissions from combustion processes with CO emis-
sions; the H, emissions from biomass burning have been coupled
to land use related CO emissions, while the H, emissions from
fossil energy use have been coupled to the CO emissions from
energy use (over time these in fact tend to decrease). The CO
emission factor improves following the assumptions made in the
existing TIMER scenario (Bakkes et al., 2008; OECD, 2008). This
simple approach ignores the difference in H, content of the
various fuels (for example, coal may be assumed to have a lower
hydrogen emission factor than natural gas) but provided a
reasonable estimate.
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3.4. Emission scenarios

Based on the methods described above, Fig. 3a shows the global
emissions of molecular hydrogen (both from hydrogen energy use,
incomplete combustion and natural sources). Increased hydrogen
use in fact results in an increase in emissions, but this is a net result
from increased emissions due to leakage in hydrogen energy
systems and decreased emissions from combustion of fossil fuels.
The resulting emissions in the different scenarios vary over a wide
range. Assuming low emission factors leads to similar hydrogen
emissions scenarios with and without large-scale hydrogen use
(around 25 Tg H,/yr). However, assuming high emission factors
and high application rates leads to an increase of hydrogen
emissions to 167 Tg H,/yr. Under the H, Intermediate scenario,
hydrogen becomes an important fuel in the transport sector, which
leads to emission levels in the order of 25-106 Tg H,/yr, depending
on the emission factor. Fig. 3b indicates the different emission
sources. In the H, Optimistic Low Leakage scenario, emissions from
hydrogen energy use count for about 30% of the total emissions —
halving the emissions from incomplete combustion. In this
scenario, most emissions from hydrogen energy use occur at
end-use. In contrast, under the high leakage scenarios, the
emissions associated with hydrogen use in the energy system
dominate the total emissions, representing 85-90% of total
molecular hydrogen emissions. Over 70% of these emissions occur
during the transport and distribution of hydrogen, the remainder
takes place at end-use.

It should be noted that by assuming extreme values for
emission factors, this study deliberately focused on a wide range of
possible outcomes for hydrogen emissions. This is also illustrated
in Fig. 3a by the comparison of the results from our scenarios to
those from earlier studies published by Tromp et al. (2003) and
Schultz et al. (2003). The results from these studies fall within the
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Fig. 3. (a) Global emissions of molecular hydrogen from direct hydrogen energy use and incomplete fuel combustion (fossil and biomass) in the optimistic, intermediate and
pessimistic hydrogen scenarios, with high and low assumptions on leakage rates. Please note that the estimations by Tromp and Schultz were not bound to a particular year.
(b) Breakdown of molecular hydrogen emissions of 2000, and for the Baseline and H, Optimistic scenarios for 2100. Colours for the scenarios following Table 1.
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Table 4

Global emissions of air pollutants from energy use in 2100 without hydrogen energy use (Baseline) and for hydrogen technology scenarios. Molecular H, emissions include all

sources (fossil energy burning, H, leakages, biomass burning and oceans).

VOC (Tgfyr)  CHg (TgCHa/yr)

€O, (GtC/yr)

CO (TgC/yr) N0 (TgN/yr) NOx (TgN/yr) SO (TgS/yr) H; (TgHy/yr)

Historic (2000) 60.0 109.0 7.0
Baseline 2100 419 465.0 19.6
H2 Intermediate High Leakage 2100 452 414.5 223
Difference with reference 8% -11% 14%
H2 Optimistic High Leakage 2100 67.4 461.7 23.0
Difference with reference 61% -1% 17%
H2 Optimistic High Leakage 2100 64.3 442.8 223
Difference with reference 53% —5% 14%

193.7 0.3 27.7 54.6 36.5
166.2 0.6 68.9 151.2 235
74.8 0.8 51.6 142.4 106.2
—55% 27% —25% —6% 352%
72.5 0.8 414 108.8 167.1
—56% 32% —40% —28% 611%
72.4 0.8 411 108.4 24.9
—56% 28% —40% —28% 6%

wide range of scenario results drawn here. Both studies are in fact
comparable to the results from our intermediate scenario with
high emission factors. Obviously, the same result could also be
obtained by using an optimistic hydrogen application scenario
with more intermediate emission factors.

Table 4 shows the impact of hydrogen energy use on global total
emissions of other air pollutants. For most air pollutants associated
with fossil-fuel combustion (CO, NO, and SO,), energy systems
with high hydrogen application rates lead to a decrease in
emissions. Methane emissions are expected to be higher in the
short term, as a result of increased natural gas production as
feedstock for hydrogen, but decrease towards 2100 when coal
dominates the feedstock instead. N,O and VOC emissions in fact
will be higher in the hydrogen scenarios in the long term, related to
the high emission factors for coal gasification. The emission of air
pollutants will be also somewhat higher in the high leakage
scenarios than in the low leakage scenarios, because more
hydrogen needs to be produced to overcome the losses due to
leakages during transport and distribution.

In the remainder of this paper, four scenarios are explored
further with respect to atmospheric chemistry based on their
position in the emission range:

1. the baseline scenario, i.e., pessimistic hydrogen technology
development and low leakage rates (virtually no hydrogen use);

2. the intermediate hydrogen technology development scenario
combined with high leakage rates;
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Fig. 4. Mean annual concentration (ppbv) of atmospheric hydrogen across latitudes
in the year 2000, model results (red) and observations (black). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

3. the optimistic hydrogen technology development scenario
combined with high leakage rates;

4, and the optimistic hydrogen technology development scenario
combined with low leakage rates.

A comparison of the last two scenarios can provide insight into
the impact of uncertainty on the emission factor, while a
comparison of case 2-4 with the first scenario allows for an
evaluation of the impact of reducing other air pollutants by
introducing hydrogen into the energy system. The second scenario,
finally, also enables a comparison with earlier studies by Tromp
et al. (2003) and Schultz et al. (2003) given the similar emission
trajectories for hydrogen. We excluded the H, Intermediate Low
Leakage scenario from further analysis, since emissions in this
scenario are comparable H, Optimistic Low Leakage scenario.

4. Evaluation of simulated H, and impacts on global
atmospheric chemistry

4.1. Model calibration of the global atmospheric chemistry model

In the first simulation, we focused on the model performance in
representing the present day H, concentrations on the basis of
current emissions. For this purpose, we used global observations of
H, concentrations at surface level, as used by Hauglustaine and
Ehhalt (2002), extended to incorporate all observations (through
2006) available from the NOAA Earth System Research Laborato-
ry.> The results show that, when the Community Atmosphere
Model (CAM) was run on the basis of current emissions, the model
performed well in reproducing the overall distribution of H, at
surface level, including lower concentration levels in the Northern
hemisphere as a result of higher deposition rates (Fig. 4). The global
mean annual lifetime for H, in the model was around 2.3 years,
which was also in very good agreement with the range of lifetimes
of 1.9-2.3 years that was reported by Hauglustaine and Ehhalt
(2002) and Price et al. (2007). Note that our reported lifetime is
computed over the whole model domain, i.e. includes the fairly
slow Hj loss in the stratosphere; when the atmospheric loss is
computed over the troposphere only, then our lifetime is 1.9 years,
identical to the tropospheric estimate in Price et al. (2007).

4.2. Impact of H, scenarios on tropospheric air quality

In the second simulation, we focused on the impact of the
various emission scenarios described in Section 3 on the surface
distributions of various chemical compounds important to air
quality considerations.

First of all, the results for surface concentrations of hydrogen
reflect the changes between the emission scenarios (Fig. 5). Under
the baseline scenario and the H, Optimistic Low Leakage scenario,
concentrations of hydrogen are below the year 2000 levels, caused
by the relatively low emissions in these scenarios (Fig. 3 and Table

5 See http://www.esrl.noaa.gov/gmd/dv/ftpdata.html.
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Fig. 5. Absolute difference in surface concentrations of H,, CO, NOy and Os in ppbv, compared to the situation in the year 2000, according to the Baseline (green), H,
Intermediate High Leakage (black), H, Optimistic High Leakage (red), and H, Optimistic Low Leakage (blue) scenarios, for 2100. (For interpretation of the references to color in

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

4). However, high application rates combined with high emission
factors (H, Optimistic High Leakage scenario) results in almost a
factor of five increase in molecular hydrogen concentrations
compared to year 2000 concentrations.

For CO, the baseline (i.e. zero-hydrogen application) already
leads to a reduction in concentrations of as much as 40% in the
northern mid-latitudes as result of lower emissions. The CO
concentrations are reduced even further under all hydrogen
scenarios, because of reduced emissions from avoided fossil fuel
combustion.

For NO, concentrations, trends are somewhat opposite in
temperate and tropical regions. In some tropical regions, where
emissions in 2000 were low, the concentrations increased in the
baseline scenario. This contrasts to temperate regions, where a
small decrease can be noted. Under the hydrogen scenarios,
concentrations are somewhat reduced compared to the baseline in
both the tropical and temperate regions. This is the result of a
decrease in the combustion of fossil fuels.

The impacts from the different scenarios on the mean annual
concentrations of surface ozone are quite modest. The baseline
scenario shows an increase in concentration levels of a few ppbv
(about 4%), compared to the present-day concentrations in most
regions. Tropical regions form an exception, with an increase of

4 ppbv, or approximately 20% in the baseline scenario. The
scenarios of large-scale hydrogen use show lower ozone concen-
trations than the baseline scenario.

All-in-all, according to the scenarios analysed here, it can be
concluded that hydrogen energy use improves air quality at
surface level.

4.3. Impact from H, scenarios on the atmospheric lifetime of methane
and hydrogen

The third simulation looked into the atmospheric lifetime of
methane and hydrogen. Interestingly, the results from the calcula-
tions show that the scenarios with high hydrogen emissions lead to a
clear impact on the atmospheric lifetime of molecular hydrogen and
methane. The lifetime of molecular hydrogen decreases by about 6%
in the scenarios with high emissions of molecular hydrogen as a
result of changes in atmospheric chemistry. Under the baseline and
low leakage scenarios, the lifetime decreases by only 2-3% as a result
of lower hydrogen concentrations.

For the methane lifetime, the baseline scenario leads to a
decrease of about 13%, compared to the year 2000 situation. This is
caused by a significant increase in NO, emissions, leading to an
overall increase in tropospheric ozone concentrations and,
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Table 5

Tropospheric lifetime of methane and molecular hydrogen, according to the
Baseline, H, Intermediate High Leakage, H, Optimistic High Leakage, and H;
Optimistic Low Leakage scenarios, for 2100.

Simulation H, lifetime CH,4 lifetime
(years) (years)

2000 emissions 1.89 7.84

Baseline 2100 1.84 6.78

H, Intermediate High Leakage 2100 1.78 7.26

H, Optimistic High Leakage 2100 1.78 7.73

H, Optimistic Low Leakage 2100 1.86 7.24

therefore, to OH. This impact (i.e. the shorter methane lifetime in
the baseline scenario) is reduced under the scenarios with high
hydrogen emissions. This effect is strongest in scenarios with
higher H, emission and lower NO, emission. For instance, methane
lifetimes in the H, Optimistic High Leakage scenario are 14% higher
than in the Baseline scenario (Table 5). This is in line with the
results from Schultz et al. (2003), who found an 11% increase in
methane lifetimes under scenarios with high emissions of
molecular hydrogen.

This implies that hydrogen energy systems are in three aspects
relevant to climate change. Hydrogen use may have a direct impact
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on climate change via the level of greenhouse gas emissions (see
CO, emissions in Table 4, and also van Ruijven et al., 2007), and H,
may act as a greenhouse gas itself (Derwent et al., 2006). As shown
here there is also an indirect impact via the changes in the methane
lifetime (Table 5). Because methane is a strong greenhouse gas
(IPCC, 2007) any change to its lifetime directly impacts its overall
radiative forcing. The scenarios of high hydrogen application rates
and high emission factors (and thus high emissions) result in
higher methane lifetimes and, thus, in more climate change. It
should, however, be noted that other indirect impacts, such as
those from climate conditions (the temperature and humidity
conditions are valid for 2000) have not been accounted for and that
direct changes in methane emissions have not been included in
this analysis.

4.4. Impact from hydrogen scenarios on ozone concentrations

Finally, the differences in emissions under the various scenarios
also impact the total ozone column. In particular, the reaction of H,
with OH in the stratosphere leads to the formation of water (Le
Texier et al., 1988) and, subsequently, to a decrease in stratospheric
ozone (Tromp et al., 2003). All scenarios lead to a decrease in
stratospheric ozone. These reductions are lowest under the
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Fig. 6. Absolute difference (ppmv) in atmospheric ozone concentration compared to that of the year 2000, according to the Baseline, H, Intermediate High Leakage, H,
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this article.)

baseline and H, Optimistic Low Leakage scenarios (which has the
lowest emissions of molecular hydrogen). Similarly, the reductions
of the total ozone column are larger in the scenarios with high
hydrogen emissions. The overall impact on stratospheric ozone is
shown in Fig. 7 by the change in the total ozone column. The
maximum ozone reduction was found to be approximately 2 DU
(Dobson unit) in the high latitudes. This is <1% of the annual mean,
comparable to findings by Tromp et al. (2003) and Vogel et al.
(2011). The impact is, however, much smaller than the observed
decrease in the Northern Hemisphere total ozone column of the
1990s, associated with the increase in man-made chlorine in the
stratosphere (Newman et al., 2007). This limited impact on the
total ozone column is in fact a combination of increases (in the
troposphere) and decreases (in the stratosphere), see Fig. 6. The
ozone increase in the tropical troposphere is responsible for the
increase in OH and the associated decrease in methane lifetime
noted in the previous section.

5. Discussion and conclusion

The current literature on the impacts of large-scale hydrogen
application on air pollution presents very different results: while
some studies emphasize an improvement of air quality, other
studies emphasize a negative impact on, for instance, the total
ozone column. It should, in this context, be noted that most of this
literature is based on very stylised assumptions on future
hydrogen use and associated emissions. In this article, we have
therefore looked in more detail into the impact of large scale
hydrogen use by combining scenario calculations from a global
energy model (TIMER) with calculations of an atmospheric
chemistry model (CAM).

For the analysis, we have made an estimate of the emission and
leakages of molecular hydrogen and emissions of other air
pollutants from hydrogen production and transport. Different
combinations were made of hydrogen application and possible

leakage rates in order to explore the ranges of potential emissions
from a hydrogen energy system.

In the scenarios, hydrogen is produced early in the century
mostly through steam methane reforming and later mostly
through coal gasification. If other feedstocks or technologies
would be used to produce hydrogen, this would influence the
emission levels of air pollutants during the hydrogen production
stage. The presence of climate policy could also be an important
factor, as was shown by van Ruijven et al. (2007). With stringent
climate policy, hydrogen production would be based carbon
capture and storage (CCS) technologies or possibly on renewable
energy. This would automatically lead to lower air pollutant
emissions, especially on the long-run. In this paper, however, we
focussed on possible range of potential impacts by comparing
scenarios without hydrogen use with those with large scale
hydrogen application, in the absence of climate policy.

The analysis shows that:

e The emission factors in the literature for hydrogen production and
transport systems vary over a wide range. Our analysis shows that,
across the whole chain, hydrogen emissions could be between
0.3 and 10% for fully developed hydrogen energy systems. In the
case of the lowest percentage, emissions of a fully developed
hydrogen energy system would equal present-day molecular
hydrogen emissions from incomplete fossil-fuel combustion. In
the case of the highest percentage, emissions could be as high as
167 Tg Hy/yr (i.e. 5 times today’s total molecular hydrogen
emissions). Both the hydrogen application rate and emission
factors are important to explain the uncertainty range.
Hydrogen use has mixed impacts on the emissions of other air
pollutant, but mostly leads to lower emissions. The introduction of
hydrogen into the energy system could increase N,O and VOC
emissions if hydrogen would mainly be produced from coal.
However, emissions of combustion-related air pollutants, such
as CO, NO, and SO, would be lower in a hydrogen energy system.
As a result of changes in emissions, hydrogen energy systems are
likely to lead to a reduction of air pollution. Compared with
developments under a baseline scenario, energy systems with
large-scale hydrogen use have a positive influence on surface
concentrations of CO (especially in tropical regions) and Os.
Large scale hydrogen application may have various impacts on
climate change. The impact from a hydrogen energy system on
climate change would have three components. First, there would
be a direct impact on greenhouse gas emissions from fossil-fuel
combustion. Second, hydrogen might act as a greenhouse gas
itself, and third, the change in molecular hydrogen emissions
would also influence the lifetime of methane, increasing it
through the increased ozone in the troposphere. It should,
however, be noted that potential feedback to the methane
lifetime from changes in the emission of methane itself has not
been accounted for.

e Large scale hydrogen application may have a small, negative impact
on stratospheric ozone concentrations. Stratospheric ozone con-
centrations would decrease when molecular hydrogen emissions
increase; this effect was found to be rather small, because the
decrease in the stratosphere was compensated by an increase in
the troposphere.

In our study, we have shown that current uncertainties imply
that large-scale hydrogen use may lead to a wide range of
molecular hydrogen emissions. The range considered here is, in
fact, considerably wider than those in the existing literature by
Tromp et al. (2003) and Schultz et al. (2003). For the high end of the
range, it should be noted that both earlier estimates were based on
replacing the current global fossil energy use with hydrogen, while
our study accounts for energy consumption growth during the 21st
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century. For the lower end of the range, our estimation of leakages
in the hydrogen chain was lower (0.3%) than that of earlier studies
(~1%). However, from the limited number of available cost
estimations on low leakage technologies, one may conclude that
it could sometimes be economically attractive to maintain high
leakage rates.

The findings from this integrated analysis of the impacts of a
hydrogen energy system on the atmosphere are generally in line
with those from existing literature. The positive impacts on the
troposphere, such as reduced levels of CO, NO, and SO,, were also
identified by Schultz et al. (2003). The negative impacts on
stratospheric ozone are in line with those found by Tromp et al.
(2003), with a larger impact in the Northern Hemisphere than in
the Southern Hemisphere. A combination of hydrogen production
from coal and an increase in methane lifetimes, without proper
policies, would increase the risk of hydrogen energy having a
potentially negative impact on climate change.

The projected emissions of air pollutants from a hydrogen
energy system are highly uncertain. Estimates of air polluting
emissions from hydrogen production technologies are rare and
mostly based on the current situation. It is likely that the emissions
of most air pollutants become subject to stringent policies, once
hydrogen becomes more widely used. However, the costs involved
and the potential for such a widespread use are currently
unknown.

The main limitations of the simulations in this study are those
about the role of changes in methane emissions associated with
the various other emissions, along with changes in climatic
conditions of the year 2100. To fully account for these variations, it
would be useful to compute the impact from the various scenarios,
using a fully coupled climate-chemistry model which also
incorporates the methane feedbacks (including the impact on
surface temperatures).

The results from this study imply that policymakers need to be
aware of the potential negative effects of hydrogen energy use -
but that these do not seem as large as some of the earlier studies
suggested. This means that additional policies on molecular
hydrogen emissions and air pollutants would be required,
alongside policies that promote the use of hydrogen energy
technologies.
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