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Abstract

This paper describes a review study, conducted in the context of the 5" EU Framework
Program in a project called Hysociety (contractnr. NNE5-2001-641). All recent and
publicly available Life Cycle Assessments (LCA’s) and Well-to-Wheel (WTW) studies
of the production and use of hydrogen in various stationary and mobile applications
have been reviewed. In general terms, the WTW and LCA methodology are similar, the
main differences are that LCA covers a wider range of environmental impacts and usu-
ally also covers a wider system, including at least the production of the vehicle and the
fuel cell. Very few LCA studies claim to be 1SO compliant (a well accepted interna-
tional standard for LCA studies).

The final results from different studies with different assumptions are often not easy to
compare, because of differences in scope (chosen impacts), reference year of technol-
ogy (2000, 2012, 2020), geographical differences, system boundaries, etc. Nonetheless
the following main conclusion (about mobile hydrogen applications) was drawn from
this review. LCA studies draw special attention to important contributors such as: fuel
tank (weight), precious metals (e.g. Pt and Pd), life time of membranes. Especially the
production of the precious metals contributes significantly to impacts such as acidifica-
tion and particulate matter and there is quite a wide range in the estimates between sev-
eral studies.

The most important recommendation for future LCA studies is to pay more attention to
high uncertainty areas like the fuel tank, the amount of precious metals in fuel cells and
the life time of membranes.
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Introduction

A review of all recent and publicly available Life Cycle Assessment (LCA) and/or
Well-to-Wheel (WTW) studies on the production and use of hydrogen in various appli-
cations was conducted. The focus of the review was on LCA rather than on WTW stud-
ies, because the latter were also part of other work packages in the Hysociety project.

Literature on the environmental effects caused by the complete life cycle of hydrogen as
a fuel for use in mobile, stationary and portable applications was collected using differ-
ent sources (the Hysociety network, scientific literature, internet, own database). In gen-
eral, literature published before 1998 was not considered, unless it was found to have
considerable added value. At the end more than 100 articles were included in the review
(see Annex).
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The number of studies has increased considerably since the year 2000 (figure 1). 40 %
of the studies cover the full life cycle whereas the other 60 % cover a smaller system



(figure 2). The majority of the studies concerns mobile applications (figure 3). 29 % of
the studies considered energy use and greenhouse gasses (GHG) as environmental im-
pacts, while 71 % of the studies also investigated a variety of other impacts (figure 4).
Very few studies claim to be ISO compliant and very few studies have performed a
weighting step.

Methodological comparison of LCA and WTW studies

The approaches and practicalities of WTW and LCA studies show similarities as well as
differences :

Scope

WTW studies are specific studies aimed at transport applications. LCA is a general
methodology that can be applied to any kind of system or product.

System boundaries

WTW studies typically focus on the production and distribution of different fuels and
on the emissions of vehicles during use.

LCA studies typically focus on full life cycles of products or product systems. Applied
to transport they typically include the three phases of a vehicle (production, use and
end-of-life) and also the production and distribution processes of the needed fuels. Pro-
duction of infrastructure is often not included because of less relevance (this is no abso-
lute statement).

Impacts

WTW studies typically include GHG emissions (contributions from CO,, N,O and CHy,
and an energy (efficiency) indicator.

LCA studies usually include more impact categories than WTW studies, such as acidifi-
cation, eutrophication, ozone layer depletion, carcinogenics etc.

Figure 5 shows the differences in system boundaries and included impacts for several of
the reviewed studies. During the last years the variety of systems and impacts studied
has been growing.

Data sources

Looking at the participants of WTW studies they typically have good access to primary
data sources (from the suppliers/producers).

LCA studies typically make use of commercial databases that make use of both primary
and secondary data (from literature).

Standardisation

WTW studies show similarities among each other but are not standardized yet.



For LCA there exists a range of I1SO standards (14040, 14041, 14042, 14043). Unfortu-
nately, very few studies claim to follow these standards.

Allocation

If a unit process delivers two or more useful products, and the studied product system
uses only one of these products, the needed input flows and resulting output flows
should be partitioned among the products.

The CONCAWE WTW study (Ref. 66) explains that this should be avoided whenever
possible and prefers to avoid this allocation by assuming that all energy and emissions
of the unit process are going to the main product and by giving a credit to the transport
system equal to the energy and emissions saved by not producing the product that is
most likely to be replaced.

In the I1SO standards for LCA (2000) a similar approach is followed: try to avoid alloca-
tion first by f.i. system expansion. If this is not possible than the options are allocation
based on physical or eventually economic considerations.

Marginal approach

In the CONCAWE WTW study (Ref. 66) it is mentioned that within the WTT approach
they prefer to work with the so-called marginal approach. This means for instance that
when an alternative product system uses more electricity, the extra emissions should not
be counted as the average emissions for electricity but only the emissions produced by
the technology that is most likely to be used to produce this extra amount of electricity
(which is more likely to be a more environmentally friendly technology).

In the LCA community the marginal approach has been debated probably for many
years before the first WTW studies appeared. The existing databases are not really pre-
pared for this and as long as the influence caused by the specific product system on the
total societal system is small, one might wonder whether there is such a clear correlation
(there will be a large number of little positive and negative changes in society that have
to be summed up). When the size of the studied system (like the transport system) com-
pared to the total society is relatively large there are better arguments to assume that the
marginal approach is more correct.

Conclusions from review

The final results from different studies with different assumptions are often not easy to
compare, because of differences in scope (chosen impacts), reference year of technol-
ogy, geographical differences, system boundaries, estimated life time of components
from fuel cell, and for mobile applications vehicle type, vehicle driving range, vehicle
weight, vehicle life time and driving cycle.

Nonetheless the following main conclusions (about mobile hydrogen applications) can
be drawn from this review:

o LCA studies draw attention to important contributors such as: fuel tank (weight),
precious metals (e.g. Pt and Pd), life time of membranes. Especially the production
of the precious metals contributes significantly to impacts such as acidification and



particulate matter. For these hot spots, there is quite a wide range in the estimates be-
tween several studies: the additional weight of a fuel cell car differs from 0 till 300
kg, these differences in estimates are also reflected in the price estimates for e.g. the
on-board storage of hydrogen which can vary about a factor 3.

o Comparing petrol cars with fuel cell cars with the technology of approx. the year
2000, the reduction in GHG over the full life cycle is still limited, mainly because of
the still high amounts of precious materials used to produce the fuel cell and of the
storage technology for hydrogen. For acidification the impacts are even higher. This
comparison concerns a rather well engineered technology with a new hydrogen fuel
cell technology still under development. Most studies make comparisons for the year
2010 and later and are based on assumptions for future technological developments
for both the petrol/diesel cars and (hydrogen) fuel cell cars. These studies report a
higher reduction for GHG and also a reduction for acidification.

e The results of LCA studies that have compared a petrol car with a Hydrogen Fuel
Cell car and that at least included the fuel life cycle, the use of the vehicle and the
vehicle production and discussed impacts like global warming, acidification, eutro-
phication, smog and dust gave the following range of outcomes:

Global warming (mainly caused by CO,, CH4 and N,0)

— For centrally produced hydrogen through SMR (Steam Methane Reforming) the
reduction in GHG emissions during the full life cycle is in the range of 3 till 60 %.
The lowest score relates to a study with reference year of technology 2001 (where
there is still 180 gram of Pt needed in the fuel cell).

— For locally produced hydrogen the reduction in GHG is usually a bit less but the
range is similar: 8 till 52 %.

— For hydrogen produced from renewables sources (solar energy, hydropower, bio-
mass, wind power) the reduction is in the range of 53 till 85 %.

Acidification (mainly caused by SO and NO,)

For centrally produced hydrogen through SMR the change in acidifying emissions
during the full life cycle is in the range of 25 % reduction till 600 % increase. The
25 % scores relate to studies with a more long term reference year of technology and
the 600 % increase relates to a study with 2000 as reference year for the FC car. The
main contribution comes from the amount of Pt needed for the production of the fuel
cell.

Smog (mainly caused by VOC’s)

— For centrally produced hydrogen through SMR the reduction in smog forming
emissions during the full life cycle is in the range of 47-75 %.

— For hydrogen produced by renewables (solar energy, hydropower, biomass, wind
power) the reduction is in the range of 70 till 85 %.

Recommendations for future LCA studies are to pay most attention to high uncertainty
area’s like the fuel tank, the amount of precious metals in fuel cells and the life time of
membranes. Another recommendation is to include the option of hydrogen as a fuel in
ICE cars more often in LCA.
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