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Abstract

A global chemistry-transport model has been employed to describe the global sources and
sinks of hydrogen (H,) and its isotopomer (HD). The model is able to satisfactorily describe
the observed tropospheric distributions of H, and HD and deliver budgets and turnovers
which agree with literature studies. We than go on to quantify the methane and ozone
responses to emission pulses of hydrogen and their likely radiative forcing consequences.
These radiative forcing consequences have been expressed on a 1 Tg basis and integrated
over a hundred-year time horizon. When compared to the consequences of a 1 Tg emission
pulse of carbon dioxide, 1 Tg of hydrogen causes 5 * 1 times as much time-integrated
radiative forcing over a hundred-year time horizon. That is to say, hydrogen has a global

warming potential (GWP) of 5 + 1 over a hundred-year time horizon. The global warming



consequences of a hydrogen-based low-carbon energy system therefore depend critically on
the hydrogen leakage rate. If the leakage of hydrogen from all stages in the production,

distribution, storage and utilisation of hydrogen is efficiently curtailed, then hydrogen-based
energy systems appear to be an attractive proposition in providing a future replacement for

fossil-fuel based energy systems.
1. Introduction

Hydrogen is widely recognised as an important future energy carrier because of its potential
benefits through reduced pollutant and greenhouse gas emissions [1]. If, in the future,
hydrogen were made from renewable energy sources, it would be possible to build an
energy system with zero emissions of pollutants and greenhouse gases [2]. The elements of
a future hydrogen economy have been reviewed in detail elsewhere [3] in terms of the
production, storage, transmission, distribution and end-use of hydrogen. Currently,
hydrogen storage is seen as a major difficulty in the transition from fossil-fuel based energy

systems to a zero-carbon hydrogen economy [4].

Hydrogen (H,) is the simplest of all the molecular gases in the atmosphere. It is relatively
unreactive and behaves as a well-mixed trace gas in the troposphere. The main atmospheric
sources of hydrogen are the combustion of fossil fuels, biomass burning and the
photochemical oxidation of methane and other organic compounds by way of the photolysis
of formaldehyde, an important oxidation product. The main atmospheric sinks are uptake
by soils and oxidation by tropospheric hydroxyl (OH) radicals which give hydrogen an
atmospheric lifetime of the order of two years [5]. The element hydrogen has two stable
isotopes: protium (*H = H) and deuterium (*H = D), both of which occur naturally in the
atmosphere. Because of its relative rarity, deuterium is present essentially as the
isotopomer HD and its abundance is characterised by the D/H ratio [5]. Atmospheric
hydrogen has not been widely studied which is somewhat surprising in view of its possible

importance as a future energy carrier.

Several studies in the 2000s raised the issue that a hydrogen economy would potentially
lead to an increase in atmospheric hydrogen levels due to leakage from the hydrogen
production, storage, transmission and distribution systems. This additional loading of

atmospheric hydrogen could have impacts on the stratospheric ozone layer [6—11] and the



global climate system [12—-14]. No further attention here is given to the depletion of the
stratospheric ozone layer and attention is turned to the potential impacts of increased

hydrogen levels on global climate change.

Hydrogen acts as an indirect greenhouse gas because of its reaction with tropospheric OH
which depletes the oxidising capacity of the troposphere, and increases the atmospheric
lifetimes of all the other trace gases which have OH oxidation as a main feature of their life
cycles, such as methane [12]. Increased methane lifetimes will lead to increased greenhouse
warming and, in turn, increased tropospheric ozone which is also a potent greenhouse gas.
The IPCC 2001 [15] in their Third Assessment Report identified that in a possible fuel-cell
economy, future hydrogen emissions may need to be considered as a potential climate
perturbation. Over the last twenty year since the publication of the IPCC 2001 report, there
have been few studies of the global climate consequences of increased hydrogen levels. The
global environmental impacts from the application of hydrogen fuel cell technology to
power the surface traffic fleet have been explored [13,14]. These studies postulated that an
upper limit hydrogen leakage rate of 10% would lead to a small increase of about 4% in the

contribution to greenhouse forcing from methane.

Derwent et al. 2006 [16] went on to show that a future hydrogen economy would indeed
have greenhouse gas consequences and would not be free from climate perturbations. They
estimated that if a global hydrogen economy were to replace the current fossil fuel-based
system and exhibited a leakage rate of 1%, then it would produce a climate impact of 0.6%

of the current fossil fuel-based system.

The accuracy of the above statements on the potential global warming impacts of a future
hydrogen economy depend wholly on the adequacy and completeness of global models of
hydrogen and these in turn depend on our understanding of the life cycle of atmospheric
hydrogen and the processes that control it. Atmospheric process and budget studies provide
the basis of the input data employed to build the atmospheric hydrogen models used to
assess the global environmental consequences of a future hydrogen economy. The aim of
this study is to describe the formulation and application of a global Lagrangian chemistry-
transport model to address H, and HD and to use this model to estimate the indirect

radiative forcing and global warming potential (GWP) of hydrogen.



2. Methodology
2.1 STOCHEM-CRI model

The STOchastic CHEMistry model is a global Lagrangian three-dimensional chemistry
transport that was initially developed to describe the global distributions of ozone and
methane [17]. A detailed description of the model together with its horizontal and vertical
coordinates, advection scheme and meteorological parameterisations and datasets is given
in Collins et al., 1997 [17]. This early version is called STOCHEM-OC. Subsequently the
representation of the atmospheric chemistry of ozone, oxides of nitrogen, carbon
monoxide, methane and a range of organic compounds has been expanded considerably by
incorporating the Common Representative Intermediate (CRI) chemical mechanism [18] and
this newer version is called STOCHEM-CRI. Use of this enhanced version is particularly
important for the accurate global representation of H, and HD because the photochemical
oxidation of methane and other organic compounds is the most important source of
hydrogen. This is the STOCHEM version employed in this study and further details are given
in Utembe et al., 2010 [19]. STOCHEM-CRI has been employed to describe the tropospheric
distribution of ozone [19- 1] and of organic aerosol [22]. It has been used to explore
different aspects of tropospheric chemistry involving formaldehyde [23], peroxynitric acid
[24], the ozonolysis of ethene [25], Criegee intermediates [26], methanol [27], organic
peroxy radicals [28], organic hydroperoxides [29], acetone [30], nitrate radicals [31], alkyl
nitrates [32], dimethyl sulphide [33], peroxyacetyl nitrate [34] and sesquiterpenes [35].
These studies each include a comprehensive comparison between observations and the

predictions from STOCHEM-CRI.
2.2 Representation of the photochemical sources and sinks of H, and HD

STOCHEM-CRI represents the chemistry of ozone, oxides of nitrogen, carbon monoxide (CO),
methane and a wide range of organic compounds using 220 species and 609 chemical and
photochemical reactions. The increased chemical complexity in the CRI mechanism allows
STOCHEM-CRI to treat a wider range of emitted organic compounds and this is essential to
the accurate representation of the main tropospheric hydrogen source which is the

photolysis of formaldehyde (HCHO) in reaction (1):

HCHO + hv = H, +CO (1).



There are two additional removal processes for HCHO in addition to reaction (1), neither of

which generate hydrogen. The first is photolysis via reaction (2):
HCHO + hv = H +HCO (2)

and the second is attack by OH in reaction (3):

OH + HCHO = H,0 + HCO  (3)

HCO + O, = HO, + CO (4).

As a result, the production of hydrogen depends critically on the competition between
reactions (1) and (2)+(3)+(4) and so is highly spatially- and temporally-dependent, requiring

a full three-dimensional model for its accurate representation.

The STOCHEM-CRI model version employed here was that assembled for the purposes of
modelling sesquiterpenes and has been described in some detail elsewhere [35] with
suitable extensions to enable the addressing of HD. Formaldehyde and hence H, and HD, is a
by-product of the oxidation by OH and ozone of almost all atmospheric organic compounds.
In the STOCHEM-CRI base case there are 22 emitted organic compounds: methane,
formaldehyde, formic acid, methanol, ethane, ethene, acetylene, acetaldehyde, acetic acid,
propane, propene, propionaldehyde, acetone, butane, methylethylketone, trans but-2-ene,
isoprene, benzene, toluene, o-xylene, a-pinene and B-pinene. The oxidation of almost all of
these model species contribute to or influence in some way, the photochemical production

of formaldehyde.

The base case H, photochemical source strength was found to be about 49 Tg yr'1 which is in
the middle of the range of previous estimates (37 — 77 Tg yr'') [36]. Using a D/H isotope
ratio, 6D, of 190 %o for photochemical production [37], where the isotope ratio is defined

as:

LY S — -1 * 1000 (5).

Dsmow/Hsmow
and Dsmow/Hsmow is 0.015576 for Standard Mean Ocean water (SMOW) [38], gives a

photochemical HD source strength of 0.91 Tg yr™.



The main photochemical sinks for H, and HD in STOCHEM-CRI are the reactions with OH
radicals. Again, the instantaneous fluxes through these reactions are highly spatially and
temporally variable and so they can only be estimated accurately using a three-dimensional
model. The base case H, photochemical sink was found to be about 16 Tg yr'* which is well
within the range of previous estimates (15 — 22 Tg yr'*) [39] and that for HD was found to be
about 0.3 Tgyr™.

2.3 Representation of the soil uptake sink for H, and HD

Although the soil uptake sink for hydrogen is recognised as the dominant removal process, it
is, however, relatively uncertain because of the large variety of soils and ecosystems that
must be considered [5]. Because the majority of the soil sink lies in the northern
hemisphere, hydrogen has an inverted concentration distribution [40]. That is to say,
despite the preponderance of northern hemisphere sources, hydrogen concentrations are

higher in the southern hemisphere because sinks are stronger in the northern hemisphere.

Soil uptake of H, and HD was treated in STOCHEM-CRI using a deposition velocity, vg,

approach such that the flux of hydrogen, F, from the atmosphere was described as:
F = vg.c (6).

where cis the H, number density. An authoritative review of candidate vg values for a range
of soils and ecosystems is available [5]. Sanderson et al., 2003 [41] performed a detailed
three-dimensional model analysis of hydrogen soil uptake, assigning vg values to seven
different types of ecosystem, estimating a global vg of 0.53 mm s™ and a global sink strength
of 58.3 Tg yr'*. An important feature of the Sanderson et al., 2003 study was the recognition
of the importance of geographic and seasonal changes in soil moisture, snow cover and

vegetation type.

The STOCHEM-CRI base case model assumed a constant vg over land surfaces, a vg of zero
over ocean surfaces and set a temperature threshold so that surface uptake by frozen land
surfaces was switched off. The value of vg over land was chosen so that H, sources and sinks
were in approximate balance and the model was able to reproduce accurately the annual
average hydrogen mixing ratio observed at Mace Head, Ireland. The global H, surface

uptake sink strength was found to be 79 Tg yr'* which is towards the high end of previous



estimates (54 — 88 Tg yr') [39] because of the higher photochemical hydrogen source
strength employed here due to the increased coverage of VOCs and the requirement that
sources and sinks should be in approximate balance. Using the isotopic fractionation factor

of 0.943 [37], the global HD soil uptake sink strength was found to be 4.3 Tg HD yr'.
2.4 Emission sources of H,, HD and other trace gases

The global total emissions of H,, HD and a wide range of trace gases, together with their
splits into the different source types, in the base case STOCHEM-CRI are given in Table 1.
The assumed monthly 5° x 5° spatial distributions for the man-made sources are described
elsewhere [17]. Emissions from biomass burning, vegetation, oceans, soils and ‘other’
sources were distributed using maps at 5° x 5° resolution [42]. The emissions of organic
compounds were adapted from the Precursors of Ozone and their Effects in the

Troposphere (POET) inventory [43] for the year 1998.

The base case H, emissions were set at 20 Tg yr* from man-made sources and 20 Tg yr™
from biomass burning, see Table 1. Literature reviews [5] point to considerable uncertainty
surrounding these figures not only in their absolute magnitudes but also in their spatial and
seasonal distributions [39]. The base case emissions adopted here were at the top end of
the ranges employed in previous modelling studies of hydrogen for man-made emissions
(11 -20Tg yr') [39] and biomass burning (8 — 20 Tg yr™) [39]. Taking the isotopic signatures,
6D of -270 %o and -90 %o, respectively, for man-made sources and biomass burning [37],

base case HD emissions were found to be 0.28 Tg HD yr'1 and 0.23 Tg HD yr'l, see Table 1.
3. Base case model results
3.1 Global burdens and atmospheric lifetimes of the main tropospheric trace gases

Each STOCHEM-CRI model experiment was run for five years using meteorological data from
a 1998 archive and the results were taken from the fifth and final complete year. The base
case global burdens and atmospheric lifetimes are taken to be representative of the 2000s.
The base case run gave a yearly-averaged methane burden of 4306 Tg and an atmospheric
lifetime of 7.2 years. These estimates compare well with those from the STOCHEM-OC
Monte Carlo uncertainty analysis of 4620 + 460 Tg and 9.0 + 4.6 years (where the quoted

uncertainty ranges are 2 — o or 95% confidence ranges) [21] but were lower than those from



the Atmospheric Chemistry Coupled Climate Model Intercomparison Project (ACCMIP)
which gave 4813 + 162 Tg and 9.7 £ 3.0 years [44]. Because the methane atmospheric
lifetime was towards the lower end of the ACCMIP range, we must consider the possibility
that this may have introduced bias into the estimated GWP for hydrogen and this is

discussed later.

The yearly-averaged carbon monoxide burden in the base case was 408 Tg and the
atmospheric lifetime was 45 days. These estimates compared well with those exhibited by
the STOCHEM uncertainty analysis (374 £ 209 Tg; 53 + 34 days) [21] and is at the upper end
of the ACCMIP (323 + 76 Tg) [44] range.

The yearly-averaged tropospheric ozone burden (calculated where the ozone mixing ratio is
less than 150 ppb [45]) was 321 Tg and the atmospheric lifetime was 28 days. Again, these
estimates are within the ranges exhibited by STOCHEM-OC (262 + 127 Tg; 23.0 + 8 days) [21]
and within the range from ACCMIP (337 + 46 Tg; 22.3 + 4 days) [44]. A tropospheric ozone
burden of 328 Tg has been estimated from the Aura Ozone Monitoring Instrument (OMI)
and the Microwave Limb Sounder (MLS) measurements [46]. The base case tropospheric

ozone burden is therefore in good agreement with the satellite measurement.

The global burden and atmospheric lifetime of hydrogen in the base case were 150 Tg and
1.5 years, respectively. The burden estimate was well within the literature range [36], that is
to say, 149 — 176 Tg and the atmospheric lifetime estimate was towards the lower end of
the respective range, 1.4 — 2.7 years. It would appear that the base case model results
present a regime in which hydrogen sinks are somewhat over-estimated, leading to a
shorter atmospheric lifetime. The over-estimation of hydrogen sinks appeared to be

associated with an over-estimation of the methane sinks.
3.2 Global surface distribution of hydrogen

An important test of global model performance is its ability to reproduce the observed
spatial gradients and seasonal cycles of the well-mixed tropospheric gases. In this study,
attention is focussed on the model’s ability to reproduce the observed latitudinal
distribution of hydrogen and the seasonal cycles in the mixing ratios at three baseline

stations: Mace Head, Ireland (53.3°N, 9.9°W); Mauna Loa, Hawaii (19.5°N, 155.6°W); Cape



Grim, Tasmania (40.7°S, 144.7°E). Surface hydrogen mixing ratios for these comparisons

were taken from Carbon Dioxide Information Analysis Center (CDIAC) [47].

The base case model was able to represent some features of the observed surface
distribution of hydrogen in terms of general levels and latitudinal gradients. A detailed
comparison with observations is presented in Figure S.1 of the Supplementary Information
attached to this paper. The seasonal cycle in surface hydrogen at Mace Head Ireland was
well predicted but those at Mauna Loa Hawaii and Cape Grim Tasmania were not. Whilst the
northern hemisphere predictions were satisfactory, those for the southern hemisphere
were unsatisfactory. As a result, the magnitude and seasonal cycle of the northern
hemisphere — southern hemisphere interhemispheric gradient were not satisfactorily

predicted by the model.

This less than satisfactory model performance for hydrogen should be seen in the light of
our current understanding of hydrogen in the troposphere. Ehhalt and Rohrer 2009 in their
review of tropospheric hydrogen cycle, remarked that some features of hydrogen in relation
to carbon monoxide and methane were rather puzzling. They pointed out that the hydrogen
concentration distribution is controlled largely by surface uptake whose uncertainties are
still considerable, with the result that it is not possible to reconcile 3 — D analyses with
inverse modelling. We have not been able to resolve these complex issues in this STOCHEM-
CRI study, despite the passage of time since the Ehhalt and Rohrer 2009 review. Ehhalt and
Rohrer 2009 nevertheless concluded that our knowledge of the tropospheric hydrogen cycle
was solid enough to make reasonable predictions about the consequences of its
perturbation and, on this basis, we have continued with the estimation of the GWP for

hydrogen.
3.3 Global surface distribution of HD

In this section, the performance of STOCHEM-CRI is examined using the available
observational data for the isotopomer HD. Early observations of the D — content of
atmospheric hydrogen, 86D — H, [5] point to about 70 + 30 %o for 1967 — 1969 over Colorado,
USA. More recent observations from surface stations, ship cruises and aircraft campaigns
point to an average D — content of about 130 %o [48,49]. This is considered to be a real

increase which has been driven by the growth in methane which produces H, with a high D



— content [5]. A seasonal variation in the D — content of H, at Cheeka Peak Observatory,
Washington State, USA has been reported [50] which peaks in the autumn and reaches a
minimum in the spring. The northern hemisphere mean 6D — H; of the aircraft observations
[37] was 128.3 £ 0.7 %0 and the southern hemisphere value was 135.9 + 1.1 %o. The global

mean 8D — H, in the extended Pacific Ocean ship-borne dataset [51] was 126 + %eo.

The base case model gave a good description of the ship-borne latitudinal profile of HD and
was able to account for the location and magnitude of the drop in 6D — H, when moving
from low latitudes of the southern hemisphere into the northern hemisphere as shown in
Figure S.3 of the Supplementary Information. Generally, the base case model
underestimated the aircraft observations with fractional biases of -0.2 to -0.3 and a detailed
comparison is presented in the Supplementary Information. The base case model performed
well in predicting the surface distribution of HD and because of the way in which the
parameter 6D — H, exaggerates small differences in D/H ratios, the negative biases were of
little statistical significance. It appears that STOCHEM model performance for HD was
significantly better than that for hydrogen itself, supporting our view that our description of

hydrogen in the troposphere was solid enough to warrant estimation of its GWP.
4. Behaviour of hydrogen in responses to emission pulses

Central to the Global Warming Potential (GWP) concept is the behaviour of a trace gas in
response to an emission pulse of that species. Accordingly, therefore, a pulse of H, was
added to the model and its fate and behaviour were studied. STOCHEM-CRI was set up as
described above and at a suitable point, two five-year model runs were initiated. One model
run was a continuation of the base case, the base case scenario run. In the other five-year
model run, the man-made emission of H, was increased across-the-board for a short period,
with all other model inputs set up as in the base case. The emission perturbation amounted
to an extra 1.67 Tg of H, was added during the first month and this was followed for the
remainder of the five-year period. The size of the emission pulse was completely arbitrary
but needed to be large enough to generate differences between the base case and
perturbed scenario cases that were perceptible yet not too large as to move the modelling
system out of its linear region. Because the air parcel positions and all other model input
parameters remained unchanged, the emission pulse generated small but reproducible

differences from the base case that could be accurately monitored and assessed.
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The differences in trace gas mixing ratios, reaction fluxes and trace gas burdens between
the base case and perturbed scenario cases were followed closely over the five-year time
period. The differences in the global H, burdens started off at 1.67 Tg and declined steadily
with an e-folding time of 1.52 years. This timescale is exactly the same as the atmospheric
lifetime found for H, in the base case, see section 3.1 above. The perturbation applied to H,
has therefore not significantly affected the main H, sink which is surface uptake. The H,
pulse therefore decayed away with the same time constant as the tropospheric H, burden in
the base case. For H; then, adjustment times and atmospheric lifetimes were found to be

identical.

The perturbed scenario case had a small additional burden of H, which decayed away
steadily during the five-year model run. During which time, its presence in the troposphere

led to a small (0.8 %) increase in the flux through the OH + H, reaction (7):
OH+H,=H+H,0 (7).

This increased OH + H, reaction flux also decayed away with an e-folding time of 1.52 years,
exactly the same time constant as that of the H, pulse, itself. Since OH radical sources and
sinks are in some form of steady state, then this increased reaction flux led to a small
decrease in the OH radical steady state. This, in turn, led to a small decrease in the OH + CH,4
reaction flux which, in turn, led to a build-up in the global burden of CHy, since the OH + CH,4

reaction is the main CH4 removal process.

Figure 1 presents the time development of the divergence between the global mean CH,4
mixing ratios between the base case and perturbed scenario runs after the addition of a
1.67 Tg pulse of H,. The divergence increased steadily during the first and second model
years but this rate of increase slowed during the third year and then began to level off,
reaching a peak of about 0.080 ppb (80 ppt) during the spring of the fourth year. The
divergence then began a slow decline during the remainder of the fourth and five years,

with an e-folding time constant of between 10 and 20 years.

The sole fate of the hydrogen atoms produced in reaction (7) above is to react with oxygen
to form the hydroperoxyl radical (HO,). Consequently, the addition of a pulse of H, leads to
a slight increase in the rate of production of HO, radicals. Since HO, radicals are in some

form of steady state, this increase in the rate of production must be met by an increase in
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the rate of the HO, loss processes. There is therefore a slight increase in the rate of the

reaction of HO, radicals with nitric oxide (NO) in reaction (8):
HO, + NO=NO, + OH (8)

The HO, + NO reaction acts as a major source of tropospheric ozone through the

photostationary state reactions (9)+(10):
NO, +hv=NO+0 (9),
0+0,+M=03:+M (10).

The increased flux through the OH + H, reaction therefore leads to an increased rate of

production of ozone (O3).

In Figure 2, the time development of tropospheric ozone is presented in response to an
emission pulse of hydrogen. In this plot, the increased burden of ozone in the pulse scenario
run, over and above that in the base case, is characterised using the difference in the global
average ozone column densities between the model runs. At its peak, the difference in
global average ozone column densities amounted to 0.0038 Dobson Units (DU), where 1 DU
= 2.687 x 10" molecule cm™, that is to say about 0.01 %. This difference exhibited a notable
seasonal cycle and decayed away with an e-folding time scale of about 2 years in the first

year, declining to about 3 years in subsequent years.
5. Radiative forcing consequences of hydrogen emission pulses and its GWP

Because H, is a homonuclear diatomic molecule, it lacks a dipole moment, does not absorb
infrared radiation and so is not a direct radiatively active trace gas. However, it does react in
the troposphere to perturb the global distributions of methane and tropospheric ozone, two
important radiatively active trace gases and so it is classed as an indirect radiatively active
trace gas. In this section, the global warming potential (GWP) of H, is estimated based on

these indirect radiative consequences.

The GWP of a trace gas is defined as the ratio of the time-integrated radiative forcing
resulting from the emission of 1 kg of the trace gas relative to that of 1 kg of carbon dioxide

over a time horizon which is taken here to be 100 years [52]. That is to say:

12



_I-a" Ci dt
0

GWP - (11),

T

Iacoz Ccoz dt

0
where a; is the instantaneous radiative forcing due to a unit increase in the concentration of
trace gas, i, and c; is the concentration of the trace gas, i, remaining after time t after its
release and T is the number of years over which the calculation is performed. For H,, the
numerator has to be calculated from the impacts of the H, pulses on methane and

tropospheric ozone, since the direct impacts are zero.

To complete the calculation of the indirect GWP of hydrogen, we use the time development
of methane and tropospheric ozone from section 4, the formula for the GWP in expression
(11) and the radiative efficiency parameters acys and ags. We took acys as 3.63 x 10”* Wm™
ppb ™ [53] which gave a peak radiative forcing in Figure 1 of 0.029 x 10> Wm™ for an H,
emission pulse of 1.67 Tg H,. The time-integrated methane radiative forcing in the five-year
model experiment was found to be 0.067 x 107 Wm'zyear per Tg H,. To complete the GWP
calculation, the time-integrated radiative forcing is required over the complete 100-year
time horizon so the plot in Figure 1 needs to be extended over the remaining 95 years. This
time extension was not possible with STOCHEM-CRI because of the long run time involved.
However, the methane response could be extended to the end of the time horizon using the

concept of trace gas adjustment timescales.

Emission pulses of the majority of trace gases decay away with e-folding timescales that are
the same as their atmospheric lifetimes. However, methane increments tend to deplete the
hydroxyl radical steady state concentrations and so slow up the decay of the methane
pulses. The e-folding timescale of the decay of the methane pulses is called the methane
adjustment timescale and it is about one quarter as long again as the methane atmospheric
lifetime. A separate experiment was performed with STOCHEM-CRI to determine the
methane adjustment time from its response to a 18 Tg methane emission pulse. The
methane adjustment time in the base case model was found to be 9.0 + 0.7 years, that is to
say, it is a factor of 1.25 times longer than the base case atmospheric lifetime. This factor is

known as the feedback factor or methane adjustment factor and literature values lie within

13



the range from 1.23 — 1.35 [54]. The methane adjustment factor found here is well inside

this literature range.

The time development of the methane radiative forcing in Figure 1 was therefore extended
forward over the 100-year time horizon by assuming the peak radiative forcing decayed
away with the methane adjustment time. This time extension added a further time
integrated radiative forcing of 0.145 x 10° Wm'zyear to the 0.067 x 107 Wm'zyear perlTg
H, from the first five years, making a total of 0.21 x 10 Wmyear per 1 Tg H,, which is

considerably lower than the literature value of 0.35 x 10> Wm?year [12].

Stevenson et al., 2013 [54] describe how to calculate the radiative forcing consequences
from changes in the distribution of tropospheric ozone. They start by characterising the
ozone column amounts on a 5° latitude x 5° longitude grid in Dobson Units (DU) and used a
complex radiation code to relate these column amounts to radiative forcings. We used the
Stevenson et al., 2013 gridded estimates of radiative forcing per DU to estimate the
radiative forcing consequences of the changes in tropospheric ozone column amounts
resulting from the emission pulses of H, presented in Figure 2. In response to a 1.67 Tg H,
emission pulse, the ozone response increased to a maximum of 0.0037 DU before decaying
away. This response drove a change in radiative forcing which exactly mirrored the DU
changes, reaching a peak radiative forcing of 0.13 x 102 Wm™, also shown in Figure 2. The
time-integrated forcing during the first five years amounted to 0.151 x 10 Wm™year per 1
Tg H,. Extension to the 100-year time horizon amounted to a further 0.040 x 10° Wm'zyear,
based on the 3-year e-folding time found for the tropospheric ozone adjustment time in
Figure 4. The total radiative forcing from the tropospheric ozone response amounted to
0.19x 107 Wm'zyear per 1 Tg H,. This estimate here is somewhat smaller than the literature

value of 0.25 x 107 Wm'zyear [12].

To calculate the GWP for hydrogen, the numerator of expression (11) was formed by adding
together the methane and tropospheric ozone forcing terms to make 0.40 x 107 Wm'zyear
and dividing by the denominator, which was taken to be 9.17 x 10> Wm™year [53], giving
4.4 over a 100-year time horizon. This value is considerably less than our literature value of
5.8 from nearly twenty years ago [12] but in good agreement with our reassessment of this
earlier GWP study which found a 2 — o confidence range of 0 — 10 about a central value of
4.3 [55].
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6. Sensitivity of the GWP to the base case assumptions

An important issue remaining is whether our particular choice of base case has introduced
any hidden bias in the estimated GWP for hydrogen despite it employing “best estimate”
model input data. Because the methane atmospheric lifetime was towards the bottom end
of the ACCMIP range [44], we must consider the possibility that this has indeed introduced
bias into our estimated GWP. This issue is part of our wider concern about the uncertainties
in global model output when used for policy purposes [55]. In previous work, we have
employed Monte Carlo uncertainty analysis techniques to the estimation of confidence
limits of our predictions of the global burdens and atmospheric lifetimes of methane,
carbon monoxide and ozone. We have drawn from this study, an “alternative”, plausible
base case and followed the identical methodology to redetermine the GWP for hydrogen. In
this way, we have been able to answer the question as to whether the base case

assumptions have significantly influenced our estimate for the GWP for hydrogen.

Accordingly, an “alternative” base case was set up by changing the emissions, stratospheric
ozone input, temperature and water vapour biases. This “alternative” base case gave a
methane atmospheric lifetime of 10.4 years which is significantly longer than the “best
estimate” base case. This gives a significantly improved comparison with the ACCMIP
models which reported 9.7 + 3.0 years [44]. The tropospheric ozone burden in the
“alternative” base case was found to be 388 Tg which is significantly higher than the “best
estimate” base case of 321 Tg and the satellite observations [46] which reported 328 Tg. In
summary, the “alternative” base case offered improved model performance for the
methane lifetime at the detriment of model performance for the tropospheric ozone
burden. It certainly, however, should shed light on the issues raised in section 3.1 above
concerning any bias introduced into the GWP estimation from the base case model

assumptions.

With the “alternative” base case assumptions, initial methane responses to the hydrogen
emission pulse were somewhat smaller and took longer to reach a peak, with the result that
the integrated methane response over the 5-year model experiment was about 16% lower.
However, the methane response over the last year of the model experiment was only 8%
lower because of the longer time to reach the peak. The methane adjustment time was
significantly longer compared with that in the base case so that the time-integrated
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methane response between 5 and 100 years was significantly higher, by about 34%. Overall
the total methane response was 0.25 mWm™ years per 1 Tg in the “alternative” base case
compared with 0.21 mWm™ years per 1 Tg in the “best estimate” base case, that is to say,

19% higher.

Initial ozone responses to the hydrogen emission pulse were slightly larger in the
“alternative” base case but there was little significant difference in the peak responses.
Ozone responses decayed slightly more slowly so that the integrated ozone response over
the 5-year model experiment was about 1% higher. The ozone adjustment time was about
1% longer so that the total ozone response was 0.195 mwWm years per 1 Tgin the
“alternative” base case compared with 0.192 mWm™ years per 1 Tg in the “best estimate”

base case, about 1.5% higher.

Combining the methane and ozone responses, we estimate the GWP for hydrogen over the
100-year time horizon is 4.9 compared with 4.4 over the 100-year time horizon, that is to
say 10% higher. On this basis, our best estimate of the GWP for hydrogen over a 100-year
time horizon is 4.6, based on the average from the two base cases. This value is 20 % lower
than our previous estimate of 5.8 from nearly twenty years ago [12]. Assuming a
logarithmic relationship between GWP and methane lifetime and the 2 — o confidence range
for the methane lifetime from our Monte Carlo uncertainty analysis, we estimatea2—-o
confidence range for the GWP for hydrogen to be 4.6"%° o5 over a 100-year time horizon.
Although this estimate takes into account any biases due to under- and over-prediction of
the methane lifetime, it does not take into account any potential biases in our two base
cases resulting from the problems we have highlighted in section 3.2 due to our inadequate
description of the hydrogen cycle in the troposphere. An assessment of any potential biases
due to our model description of hydrogen must await an improvement in this basic
understanding. It is likely then that this 2 — o confidence range understates the real

uncertainty range in the GWP.

Because of the inherent uncertainties in global CTMs, it is not straightforward to say
whether the differences in GWPs between this study and our earlier work [12] has any real
policy significance. In view of these uncertainties, our 2 — o confidence intervals need to be
somewhat larger and our best estimate for the GWP of H, becomes, 5 + 1 for a 100-year
time horizon. That is to say, the emission of 1 Tg/yr of H, causes the global warming
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equivalent to 5 + 1 Tg/yr of CO,, when evaluated over a 100-year time horizon. Our
judgment is that there is little real difference between this estimate and our previous

estimate when the uncertainties in global CTM models for H, are taken into account.
7. Radiative forcing consequences of a future hydrogen economy

In this study, a global chemistry-transport model (CTM) has been used to calculate the likely
magnitude of the radiative forcing impacts of emission pulses of H, through changes in the
tropospheric distributions of methane and ozone. These radiative impacts have been
expressed using the global warming potential concept. That is to say, the radiative forcing
consequences of a 1 Tg emission pulse of H, has been expressed relative to a 1 Tg pulse of
carbon dioxide (CO;) when integrated over a 100-year time horizon. The GWP of H, was
found to be 5 + 1 for a 100-year time horizon. That is to say, the emission of 1 Tg/yr of H,
causes the global warming equivalent to 5 + 1 Tg/yr of CO,, when evaluated over a 100-year

time horizon.

To illustrate the potential consequences of a future hydrogen economy, we begin on the
small scale by examining the consequences of replacing natural gas with hydrogen in the
domestic sector of the United Kingdom. We consider only the H, emissions from leakage
and leave out a number of potential other emission sources associated with upstream
processing of fuels, electricity grid emissions and infrastructure. The UK domestic sector in
2011 accounted for 293,400 GWh of energy consumption [56] as natural gas and emitted
54.0 million tonnes CO, from the combustion products alone, ignoring the radiative forcing
impacts from the methane released from natural gas leakage. If this 2011 domestic sector
energy consumption were to be supplied on some future date by a low-carbon hydrogen
system suppling hydrogen with an energy content of 142.18 MJ per kg [57] instead of

natural gas, then 7.43 million tonnes of hydrogen would be required annually.

If this future hydrogen system was a perfectly sealed system with no leakage then it would
save the entire 54.0 million tonnes of CO, per year, that is to say, the low-carbon H, system
offers the potential for generating savings in greenhouse gas emissions of 54.0 million
tonnes of CO, per year. If there were to be significant atmospheric leakage of H, from the
production, distribution and end-use in the low-carbon system then the indirect global

warming from hydrogen would reduce or offset some of the above savings in greenhouse
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gas emissions. This reduction or offsetting can be estimated using the GWP for H, which is 5
1+ 1 Tg of CO, per Tg of H,. On this basis, if there were to be a 1% leakage rate by mass, then
this H, would have an equivalent global warming of 0.37 million tonnes CO; annually,
reducing the savings in greenhouse gas emissions from 54.0 to 53.6 million tonnes CO, per
year, that is by 0.7%. If there were to be a 10% leakage by mass, then this would offset the
savings in greenhouse gas emissions by 7%. There is, therefore, an important potential
savings in greenhouse gas emissions to be made by replacing natural gas by H, in the UK

domestic sector at some point in the future, if H, leakage can be efficiently curtailed.

On the global scale, we estimate that the global H, production capacity required to replace
the entire current fossil-fuel based energy system is about 2 500 Tg H, yr™* [16]. If there was
a global leakage rate of 1%, then the global H, economy would have a radiative forcing
impact of 125 Tg CO, yr* over a 100-year time horizon. The fossil fuel system it replaces has
a CO, emission of 23 000 Tg yr'l. Therefore, the global hydrogen economy with a 1% leakage
rate has a radiative forcing impact of 0.5% of the fossil fuel system it replaces. If the leakage

rate was 10%, then the radiative forcing impact would be 5% of the fossil fuel system.
8. Conclusions

This study has shown that H; itself, in contrast with most expectations, is a greenhouse gas
and we have quantified its global warming potential relative to CO,. Indeed, this present
assessment differs by a small margin (about 10 - 20%) from our previous work, despite the
many advances in understanding of the fate and behaviour of H, over the past twenty years
or so. We went on to quantify the global warming consequences of replacing the current
fossil-fuel based energy system with one based on H, by considering small-scale and large-
scale examples. The conclusion reached is that if the leakage of H, from all stages in the H,
production, distribution, storage and utilisation is efficiently curtailed, then H,-based energy
systems appear to be an attractive proposition in providing a future replacement for fossil

fuel-based energy systems.
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