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Abstract InJune 2019, two hydrogen-related accidents occurred independently at a hydrogen refueling station
in Norway and at a chemical plant in California while filling a truck due to supply the fuel at stations in California.
The accidents raised questions about the safety and reliability of hydrogen for powering both fuel cell electric
vehicles and buildings. As a preventive measure, for instance, Germany and Norway closed the hydrogen
refueling stations from the same manufacturer of Norway accident, while the hydrogen manufacturer in Califor-
nia ceased supply of hydrogen fuel for more than three months. It is significant to review the outcomes of the two
accidents in the context of the emerging solar economy, in which H; is locally produced from water via simple
electrolysis using renewable electricity. This study provides an insight and selected recommendations aiming at
hydrogen companies, professionals and trainers and educators in renewable energy and clean technology.
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Introduction

Thousands of internal combustion engine vehicles (ICEVs)
catch fire across the world’s roads and highways every day.
Only in the United States, the 2006—2010 period saw 287,000
vehicle fires translating (with 253 million cars on U.S. roads)
into about 1 fire per 880 vehicles.!" Though at much lower rate,
petrol refueling stations also regularly catch fire yearly across
the world. Recent examples span from a petrol station in
Virginia, USA, exploded in May 2019,” through another in
Jieyang, China, in April 2019.”

Gasoline in the air at ambient temperature and atmospheric
pressure is flammable at a lower concentration limit of 1.2%, a
volume concentration easily reached (7.1% is gasoline’s upper
explosive limit)."! Furthermore, gasoline vapor is heavier than
air. If released, it accumulates at ground level where accidental
ignition presents a clear danger.

Similarly, in 2015 over 18 million natural gas vehicles
across more than 90 countries used compressed natural gas
(CNG) as fuel dispensed according to various standards. Me-
thane in the air has 5% lower explosive limit and 15% upper
explosive limit. Only in Pakistan, some 55 CNG-related acci-
dents conduced to over 250 casualties leading scholars to
conclude that CNG vehicle accidents are “a major threat to life
in Pakistan”.® Root cause analysis of the aforementioned 55
accidents points to low-quality CNG system material (cylinder),
design and installation of the refueling station, maintenance
system, lack of strict government CNG vehicle safety regula-
tions and driver negligence.®

Safety laws and standards are continuously improved and
enforced so as to prevent risk and minimize the consequences
of accidents for both ICE vehicles and petrol and CNG refueling
stations, while the global number of vehicles and refueling
stations continues to grow thanks to rapid economic develop-
ment of huge and highly populated nations such as China, India
and Brazil.

Even body static generated through vehicle re-entry,
refueling is the frequent cause of numerous unexplained petrol
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station fires caused by the discharge of static electricity from
the body.’®”

In this context, battery electric vehicles (BEVs) using Li-ion
batteries have lately emerged as the first ever alternative to
internal combustion vehicles adopted on significantly large
scale.® The main limitation of BEVs is the prolonged time
needed for recharging battery packs that nowadays regularly
exceed the 40 kWh capacity, and often much more. Moreover,
lack of investment in Li-ion battery plants in most world’s coun-
tries beyond China, Japan, South Korea and partly the USA has
created a serious supply bottleneck, which is limiting industrial
production of BEVs in all countries beyond those mentioned
above.

Adding the required “portfolio” solutions to have technolog-
ical diversity, new generation hydrogen fuel cell electric vehicles
(FCEVs) address the aforementioned limitations is a surprising
complementary fashion, even if their current production levels
are dwarfed by BEVs. For instance, the carmaker manufactur-
ing the world’s top selling FC car, produced slightly more than
6,000 cars in its dedicated plant in Japan in 2018. The same
company announced plans to upscale production to 30,000/a
“post 2020”,"® namely a figure close to the amount of BEVs sold
in China by a single large BEV manufacturer only in the course
of the month of April 2019 (22,735 BEVs).l'”

Hydrogen FCEVs use hydrogen of high purity (> 99.99%)
stored at high pressure (350 or 700 bar) in today’s cylinders
comprised of composite material. Compressed hydrogen pro-
vides FC electric vehicles with uniquely high amounts of energy,
and thus autonomy, not only in the case of cars, but also of
much heavier trains and ships. Indeed, the world’s two hydro-
gen-powered electric trains with roof-mounted hydrogen tanks
entered service in Germany'’s regional train lines in September
2018

More than one hundred hydrogen FC trains have already
been commissioned in several countries, with only one manu-
factured having received an order in Germany for 27 new hy-
drogen-powered trains.'"™ Similarly, the first hydrogen-powered
heavy duty trucks are up to be commercialized by several
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manufacturers in Japan, South Korea, and in the USA.

The aforementioned around €500 million order for fleet of
27 fuel cell trains in Germany includes the construction of the
hydrogen refueling station (HRS), located near a chemical
industrial park where H; is mostly obtained via methane steam
reforming.['?

Hydrogen is two to three times less flammable than gaso-
line in the air (4% lower concentration limit for Hz vs. 1.4%), but
it ha[14? a wide flammable and explosive range (up to 75% in
air).

In June 2019, two hydrogen-related accidents occurred in-
dependently at a hydrogen refueling station in Norway and at a
chemical plant in California while filling a truck due to supply the
fuel at stations in California. The accidents raised questions
about the safety and reliability of hydrogen for powering both
fuel cell electric vehicles and buildings. As a preventive meas-
ure, for instance, Germany and Norway closed the hydrogen
refueling stations from the same manufacturer of Norway’s
accident, while the hydrogen manufacturer in California
stopped supply of hydrogen fuel to the state’s HRS networks for
more than three months. It is significant to review the outcomes
of the two accidents in the context of the emerging solar
economy, in which H; is locally produced from water via simple
electrolysis using renewable electricity. This study provides an
insight and selected recommendations aiming at hydrogen
companies, professionals and educators in renewable energy
and clean technology.

Incidents and Accidents at Hydrogen Refueling
Stations

Refueling compressed hydrogen is similar to refueling
compressed natural gas, even though the hydrogen refueling
technology is considerably more advanced.

In Japan, the world’s leading country in terms of HRS
number (96 public stations by the end of 2018),l'¥ the incidents
and accidents are classified into six categories:

(i) Leakage I: leakage due to the damage and fracture of
main bodies of apparatuses and pipes (including welded parts);
(i) Leakage Il: leakage from flanges, valves, and seals
(including deteriorated nonmetallic seals); (iii) Leakage III:
leakage due to human error and external impact; (iv) Explosion
and fire; (v) Burst and fracture; (vi) Others.

A thorough analysis of incidents and accidents occurred at
Japan’s at hydrogen refueling stations between 2005 and 2014
shows that out of 21 incidents and accidents, 14 were in the
form of “Leakage II”, namely leakage from flanges, valves, and
seals (including deteriorated nonmetallic seals), with most said
leak incidents caused by inadequate torque and sealing.!" The
only explosion, recorded in a highly compressed hydrogen
energy generator, was due to a design error, and the single
burst, in a filling hose, again due to design error (fatigue).l'”

The aforementioned analysis of incidents and accidents at
Japan’s HRS, led scholars to conclude that to address the main
cause of leakage |, poorly planned fatigue, it is very important to
adequately consider the usage environment in the design.
Since leakage Il is mostly caused by screw joints, welded joints
of suitable strength and reduction in pipe thickness are rec-
ommended. Finally, since the main cause of leakage Il is hu-
man error, safety measures should be developed to prevent
human error by FCEV users.["¥

On June 10 2019, an unmanned HRS in Norway burned for
almost 3 h, following ignition and an initial explosion. Neither
the low pressure nor the high pressure hydrogen tanks
exploded. “It was pretty hot. We saw three other cars on the
road where the pressure from the explosion had triggered their
airbag.”!" a witness said. There was “no report of injuries due
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to the explosion” with “two people hospitalised due to injuries
caused by car airbags triggered by the shock wave of the ex-
plosion”."%

Watching the brief (36 s) video realized by the same wit-
ness from a passing car later published online by Norwegian
Broadcasting Corporation,!"® shows from a missing wall out of
several comprising the fire/pressure wall surrounding the
hydrogen production unit the horizontal flames resulting from
the quick combustion of leaking hydrogen.

The H; production unit in question includes a containerized,
pressurized alkaline electrolyzer, the electrolyzer control and
power supply, the low and the high pressure hydrogen storage
units and a low pressure transport unit.l"”

Following preliminary technical investigation, the safety
consultancy hired by the owners and suppliers of the Norway’s
HRS concluded that neither the electrolyzer nor the dispenser
used by customers was involved in the incident. “We can say
with certainty.” The consultants claimed, “That the leak started
in the high-pressure storage unit, and we are now carrying out
investigations to understand the detailed mechanisms of the
leakage as well as what caused the ignition”.["”)

On June 27 2019, the HRS manufacturer announced that
the root cause of the incident had been identified as an
assembly error of a specific plug in a hydrogen tank in the
high-pressure storage unit."® This led to leakage of H, gas in
the surrounding air. Hydrogen is the lightest chemical element
(the gas is 14 times lighter than air). If released at normal am-
bient temperatures, it disperses quickly rising into the atmos-
phere at a rate of about 20 m/s, without reaching the 4% con-
centration which is its lower flammability limit. Indeed, investi-
gations into the specific source of ignition three months after the
incident were reported “to continue”."%

In any case, there would have been no leakage in Norway
without a human error: “Due to human error, the inner bolts of
the plug had not been adequately torqued”.['®®

In other words, regardless of clear specifications for the
proper torqueing of bolts in the high-pressure storage unit, in
this specific case the torqueing requirements were not met due
to human error. To prevent the incident to happen again, the
HRS manufacturer has introduced a dual-witness torque
procedure, whereby first one fitter torques to nominal torque in
a 3-step procedure and marks each specific bolt with a green
line after torqueing. Afterwards, a second fitter performs a con-
trol by re-torqueing each bolt, marking it with a red line.['®®

Shifting from Petrol and Natural Gas Refueling
Model

Critics of hydrogen fuel cell vehicles argue that the hydro-
gen refueling station would replicate the model of the petrol and
compressed natural gas refueling station;?” with HRS receiving
gaseous or liquid hydrogen from hydrogen “refineries” similarly
to what happens with fossil fuel stations regularly supplied with
gasoline and diesel fuels by trucks commuting with oil refineries,
or by natural gas via pipelines.

On the contrary, as anticipated in 2012 by Pagliaro and
Konstandopoulos,?" hydrogen refueling stations will increas-
ingly self-produce compressed H, on-site using electricity
self-gener- ated by today’s low cost photovoltaic electricity (and
via concentrated solar power in “sunbelt” countries), as well as
from cheap wind and hydroelectric power available through the
grid.

This is what happens for instance in the world’s first off-grid
hydrogen station in Sweden’s Mariestad (Figure 1) producing 4
tonnes of H, yearly using the electricity generated by the adja-
cent 250 kW photovoltaic park expected to provide (in southern
Sweden) 250,000 kWh per year with production concentrated
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Figure 1 The off-grid solar hydrogen refueling station in
Mariestad, Sweden. The PV park (top) supplies all the electric-
ity needed to produce hydrogen. [Photo courtesy of Nilsson
Energy].

between April and September.??

Renewable and emission-free hydrogen produced by split-
ting water into H, and O in a containerized, pressurized alka-
line electrolyzer system is further compressed and stored in
216 cylinders in composite material, from where it is used to
refuel FC electric vehicles dispensing H, compressed at 700
bar. The electrolyzer is capable to produce up to 40 tonnes of
Hz per year, namely 10 times the current capacity anticipating
forthcoming growth in production as the number of FCEVs in
Sweden will shortly increase. Currently, as the number of FC
vehicles in Sweden is still very low, part of the hydrogen pro-
duced at Mariestad’s station is also used to regulate the grid
thanks to a fuel cell connected to an inverter.

It is also remarkable that the HRS in Mariestad, firstly
inaugurated in January 2017, originally used hydrogen supplied
with truck in pressurized cylinders. However, the city and the
regional utility company operating the station planned to make it
the world’s first off-grid HRS powered by solar energy only for
on-site hydrogen generation, energy storage (both H, storage
and batteries) and fuel cells for power generation and back up
for the solar based power supply.

The efficiency of the electrolytic process is high,® and alka-
line electrolysis is a reliable technology whose only limit for
large-scale hydrogen manufacturing has been the high cost of
electricity. Now that solar electricity can be produced at ex-
tremely low cost in huge amounts thanks to the photovoltaic
technology,” the route is open to its widespread adoption of
this technology across the world, including developing regions
and countries where adoption of BEVs is problematic due to
grid scaling issues and coal-fired power production.

In brief, once electricity from sun, wind and water free
energy sources is available in large amounts at low cost, the
electrolytic production of hydrogen becomes convenient, even
on the huge scale required for ammonia and fertilizer produc-
tion. This has been demonstrated in practice by the 165 MW
electrolyzer installed at Egypt's Aswan dam in 1960 delivering
3.33 tonnes of Hy/h on a 24 h/7 day operation basis to feed with
hydrogen a 400 tonne/day ammonia production unit using low
cost hydroelectric power.?*!

Conclusions

In general, the hydrogen refueling station is a safe, reliable
and convenient technology. For example, in its first year of
operation (to April 2017), one HRS in Denmark dispensed 900
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kg of hydrogen with excellent reliability (98.2% availability) and
no incident.” The average hydrogen refuelling time for pas-
senger FC cars (2—3 min) was comparable to that for conven-
tional internal combustion engine vehicles.

Hydrogen, however, is a highly flammable gas due to its
very wide flammability range (from 4% to 75% in air), to its very
low ignition energy, and to the ease of leakage due to its light
molecular weight (2.016 g/mol).”® Furthermore, H, cannot be
smelled and burns with an invisible flame.

Research aimed at further improving the safe utilization of
hydrogen as a fuel at refueling stations and in hydrogen fuel cell
electric vehicles actively continues across the world at corpo-
rate and academic research centres. Progress in the course of
the last five years has been dramatic. For example, in 2018 a
fuel cell sport utility vehicle manufactured in South Korea,
storing onboard H; pressurized at 690 bar in three pressurized
cylinders, received the five-star (highest) car crash safety certi-
fication existing in Europe.®”!

It is instructive to learn that amid hydrogen safety research
gaps identified in 2012,?¥ ignition probability and its reliance on
leakage characteristics,”® continued to be an unresolved item
in hydrogen safety science. For this reason, the same scholars
advocated “the involvement of chemistry as practiced by in-
dustrial chemists in the domain of chemical/process engineer-
ing” as well as the need for “the greater participation of chem-
istry researchers in the field of inherently safer design”.””®

It is also instructive to learn that research on the root
causes of several accidents involving hydrogen fire and explo-
sions in 215 events occurred between 1992 and 2008 recorded
in France’s ARIA public database found that “in over 70% of the
cases organisational and human factors contribute to the
deep-rooted causes of the accidents”.”

Hydrogen is manufactured and used on a 150 million t/a
scale in the petrochemical industry, with about half of it used to
synthesize ammonia, but also to refine oil, and produce hy-
drogen peroxide. Accidents involving hydrogen in the chemical
industry, regardless of its huge scale, are rare (low incident rate,
with a small 4.6% proportion resulting in human life loss).”®!

However, and this is the first guideline emerging from the
present study, as the global uptake of hydrogen as fuel of fuel
cells powering vehicles, boats and buildings eventually unfolds
across the world companies manufacturing water electrolysers
and hydrogen refueling stations should increasingly focus on
the “organisational and human factors™*” mentioned above.

In other words, user safety problems for a technology that
will be used on a daily bases by thousand of different persons
with different cultures and educational backgrounds may soon
emerge as a key issue on the road to widespread solar hydro-
gen uptake as ubiquitous energy carrier. A recent example from
the H; refueling station infrastructure in California, by far the
world’s leading market for FCEVs, reinforces this insight.

On June 1, 2019 (a Saturday), an explosion occurred in one
of the main suppliers in northern California as a tanker truck
was being filled with liquid hydrogen (later to be re-gasified at
HRS for fueling hydrogen in fuel cell vehicles) obtained from
methane steam reforming at a chemical plant in Santa Clara.

There was no injury, even though the explosion “shook
buildings for miles in the San Francisco Bay Area, leaving many
residents believing at first that they were experiencing an
earthquake”.®"! Following the blast, delivery of H, to several
California’s HRS stopped affecting fuel supply in the subse-
quent months. Three months after the accident, the hydrogen
supplier was awaiting further inspections and direction from the
authorities to be able to resume fueling and return to full opera-
tions. As a result, “of the 13 stations in northern California only
a handful were found to be operational’.*?

Preliminary investigation turned out to be a human error as
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well. In detail, “a hydrogen leak was detected during the trailer
fill process---the fill should have been stopped and the vehicle
placed out of service for maintenance to be performed by
trained technicians at one of our maintenance locations.
Instead, an employee attempted to perform maintenance on the
process equipment without authorization. This resulted in a
release of high pressure hydrogen and the subsequent fire”.

These outcomes reinforce the second and third main rec-
ommendations of the present study on having better training for
the personnel as well as to switch to decentralized solar
hydrogen production relying on self-generated photovoltaic
electricity and water electrolysis.

Several multi MW water electrolysis plants to be fed with
renewable electricity are currently under construction across
the world, and many others will shortly follow. Shaping a larger
number of students with a background in science, technology
and engineering with updated knowledge on solar hydrogen
energy science and technology, including hydrogen safety and
energy management, is an urgent societal need to provide
society with the young professionals needed to locally guide the
global transition to the solar economy.?+%%!
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