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1. Introduction

This Output 5.1 "Risk assessment tool/model for the implementation of H2 and Efuelling systems in ports, including
a blue print of future ports network in the 2 Seas” This Output is a copy of the deliverable D.1.12.2 "Risk Assessment
Tool” as the risk assessment tool provides a blueprint for hydrogen bunkering station configurations at different
sizes.

The Output 5.1 is based on the following set of deliverables and activities:

A 1.11 - Setup of basic model for H2 (and E) infrastructure

D 1.11.1 - Make a basic model (blueprint) of H2 (and E) bunkering infrastructure

D 1.11.2 - Workshop with experts/stakeholders in different ports to discuss basic model
D 1.11.3 - Proposed blueprint of bunkering installation, upscaling scenarios

A 1.12 Development of risk assessment tool for bunkering installations at different scale

D 1.12.1 - Inventory of legislation, safety rules that play a role

D 1.12.2 - Risk assessment tool

All these deliverables are finalised and D 1.12.2 is the final deliverable, hence it concludes Output 5.1.

At the start of the ISHY project, the project objective was to develop, test and validate technical tools and socio-
economic models (business cases) for the implementation of hybrid and hydrogen fuel cell technologies in vessels
and ports, and realising the development and the demonstration of the feasibility of these technologies by
retrofitting different types of existing vessels, different kind of new built vessels and new bunkering facilities in ports
in order to increase the adoption likelihood of this low or zero carbon technology in a sector with high impact
potential. The aim towards the implementation of hydrogen was to develop several hydrogen waterborne
applications (crew transport vessel, inland barge, passenger transport vessel) and a hydrogen bunkering station in
Oostende. Due to several reasons, none of the waterborne applications could be realised and only the hydrogen
bunkering station in Oostende is being realised. Hence, no operational data was obtained during the project and
the development of a risk assessment tool had to be realigned. Hence, it was decided to work with a publicly
available existing tool that is used to assess the risks associated to the realisation of hydrogen bunkering
infrastructure. This tool is developed for hydrogen refuelling stations and is based on field data which makes it
robust. Hence, the selection of this tool to assess the risks for different bunkering options. Based on this tool, a
blueprint for the risk assessment is developed for several hydrogen bunkering options of different sizes.

The sole responsibility for the content of this deliverable lies with the authors. It does not necessarily reflect the opinion of the European Union. Neither
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2. Methodology

The risk assessment of hydrogen bunkering stations can refer to several aspects of such a bunkering station, e.g.
the risk assessment that is required by permitting authorities to understand the impact on the build environment
which results in the application of safety distances, or the risk assessment that is performed as part of the technical
development of a bunkering station in which safety measures are being implemented to make the system more
safe or the risk assessment related to bunkering procedures that result in the development of safe bunking
procedures. Operational data and experience are required to execute such risk assessment and as highlighted in
chapter 1, these have not been gained during the ISHY project. Promoting such risk assessments and tools without
having included the experiences from operations is not prudent. The bunkering station in Oostende has gone
through a permitting process and hence experiences have been gained to during the risk assessment of the
bunkering station that is required by permitting authorities to understand the impact of the bunkering station on
the build environment. Therefore, an alternative solution towards risk assessment has been used as part of the ISHY
project.

Permitting authorities require hydrogen refuelling or bunkering stations to develop a quantitative risk assessment
as part of the permitting procedure. The aim of such risk assessment is to determine the safety distances that are
associated to the foreseen bunkering station. Example of such risk assessments are provided by Honselaar et al.’,
but also by the H2Rine consortium?. There are three main problems associated to the development of quantitative
risk assessments for bunkering stations. Firstly, there is ample experience with the application of risk assessment for
refuelling stations for road applications, but for bunkering stations there are few differences. The main one relates
to the use of longer hoses for refuelling waterborne applications and the need for higher bunkering speeds, for
example as is envisaged for heavy duty applications like trucks. Secondly, some specific aspects of bunkering are
unknown and difficult to quantify and capture in risk assessment tools due to the lack of operational data and
experiences. This relates for example to hoisting or lifting hydrogen storage containers with hoisting or lifting
equipment and subsequently performing coupling and decoupling actions. Thirdly, the public accessibility of
quantitative risk assessment tools is low and many of these tools are proprietary and operated by few companies.
Hence, there is a cost involved to apply different bunkering options and understand which configurations may lead
to different assessment of risks. It is also often stated that such risk assessment tools are not supposed to be used
for the design and tweaking of the station but yet assess the risks of the set-up under consideration. This does not
enable a better understanding of the risks associated to the application of such stations.

The third problem was partially mitigated in Belgium were as part of the BAT (Best Available Technologies) study
for hydrogen refuelling stations, a publicly accessible tool was developed for hydrogen refuelling station developers
and implementers to gain a better understanding of the risks associated to the build environment. Applicants of
permits for hydrogen refuelling station have now a tool available in which safety distances can be determined for
certain station configurations. This tool was developed by M-Tech and publicly available at the VITO website3. This
tool allows the user to select different components of the envisaged station and mimic the set-up as it foresees on
its site in order to determine the safety distances (10-5, 10-6 and 10-7 risk zones) for that station. Although it is
considered a very useful tool, a perceived downside of the tool is that the parameters that determine the safety
distances (e.g., probabilities, scenarios) cannot be changed and hence makes the application somehow relevant for
Belgium and as such cannot be used across the border as probability may be different. However, it is a great tool
to get a better understanding of how to minimise the safety distances of stations even across the border as lessons
leant can be generically applied. Such assessment is however so far not performed and therefore performed as part
of the ISHY project. The objectives of using the risk assessment tools for D.12.2. is to determine which strategies
can be adopted to minimize the safety distances associated to bunkering stations and what is the impact on safety
distances that implementers of stations can have while selecting different component options.

T https://www.sciencedirect.com/science/article/pii/S0360319918312680

2 https://www.rh2ine.eu/wp-content/uploads/2021/10/RH2INE-Kickstart-Study-Regulatory-and-Safety-Analysis-
Guidance-for-Safety-Distances.pdf

3 https://emis.vito.be/nl/bbt/publicaties/bbtbref-en-andere-publicaties/waterstoftankstations
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In this output, the M-Tech tool is used to assess different technology options and determine the safety distances
associated to it. As it will be shown, the choices of which components to use has a significant impact on the safety
distances and may lead to safety distances that are 30 meters longer (!) when selecting different components
options for the same function. Although the assessment quantifies safety distances, its most important aim is to
determine trends and technology choices that have an impact on safety distances.

In the next chapters, an overview is provided of the different bunkering configurations and the main components
that you used as part of these configurations (chapter 3). It will also provide the impact of the component options
on the safety distances and in the end will show for different bunkering configurations and options for a small,
medium and large station, the impact on the safety distances (chapter 4). Recommendation will be provided on
strategies to minimise safety distances (chapter 5) and a reflection is provided as well (chapter 6).
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3. Types of bunkering installations

Hydrogen bunkering can take place in many ways with their own needs for equipment. In this chapter, we will look
at the main bunkering configurations, the components associated to these configurations and the risks associated
to several of these components and its impact on safety distances.

Main configurations

Bunkering of hydrogen fuelled waterborne applications can be performed in several different ways. Generically
speaking, there are 3 main configuration options for bunkering. As part of these configurations, many sub-
configurations exist that eventually form the final refuelling configuration applied for bunkering. The main
configurations are:

1. Bunkering through fixed onshore equipment

In this configuration, waterborne applications are bunkered through fixed onshore bunkering equipment. This
means of bunkering comes closest to the hydrogen refuelling configurations that exist today e.g., for road
applications, like refuelling of passenger vehicles, specialty vehicles or (heavy duty) trucks. Such configuration is for
example applied by Parkwind in the Port of Oostende as part of the ISHY project. Many sub-configurations exist
within this bunkering configuration due to technology choices, but the main differentiating factor comes from the
hydrogen supply method applied. Two hydrogen supply options exist which can be either a hydrogen production
unit as part of the fixed onshore bunkering equipment or a hydrogen trailer that is either connected (near)
permanently to the fixed onshore equipment or used temporary to offload hydrogen to a dump storage. Although
this bunkering configuration could supply hydrogen in significant quantities, it is normally associated to bunkering
options up to medium capacities. A typical bottleneck associated with these configurations is the logistic constraints
of supplying hydrogen through trailers. In addition, the speed of bunkering is dependent on the high flow hardware
that needs to be developed and the number of hoses that can be connected to a ship.

The main fixed onshore equipment required consist of a hydrogen dispenser/hose, hydrogen storage, hydrogen
compressor and a hydrogen trailer. Onsite hydrogen production equipment is not part of the scope as the main
strategies foreseen orient towards the development of large-scale electrolysers and distribute the hydrogen through
trailers, pipeline or storage containers to the end-user.

2. Bunkering through mobile onshore equipment

In this configuration, waterborne applications are bunkered through mobile onshore bunkering equipment. There
are 2 main streams of bunkering types that can be applied in the configuration, being a hydrogen trailer used
directly to bunker a waterborne application without the necessity of onshore equipment or a swapping hydrogen
storage container stationed onshore and hoisted or lifted on the waterborne application. Hoisting or lifting
equipment is required to exchange empty and full hydrogen storage units/containers. These units/containers are
then filled at a hydrogen filling point elsewhere. Similar constraints as the bunkering configuration through fixed
onshore equipment apply, except for the hoses to be connected. In addition, such bunkering configuration require
hydrogen storage depots in which filled containers are stored and transported to the on/off load bay. Higher
“bunkering speeds” can be obtained than through bunkering through fixed onshore equipment.

The main mobile onshore equipment required consist of hydrogen trailer. The risk associated to hoisting and lifting
are currently not well understood and hence this option is not part of the tool used, hence only the bunkering
through the use of trailers is assessed.

3. Bunkering through mobile offshore equipment

In this configuration, waterborne applications are bunkered through mobile offshore bunkering equipment. These
are mainly bunkering ships that moored alongside the to-be-bunkered waterborne application. The to-be-bunkered
waterborne application is then bunkered through hoses through which hydrogen is transferred from mobile
offshore bunkering application to the waterborne application. High-capacity bunkering is obtained through this
configuration in comparison to the other two.

This bunkering configuration is not applied and therefore is not considered as part of this assessment.

In principle, hydrogen can be supplied in gaseous or liquid form. Hydrogen production onsite and hydrogen supply
through tube trailer is always gaseous whereas liquid hydrogen is supplied by trucks. Although the storage
capacities differ significantly between the gaseous hydrogen trailer (300-1200 kg depending on the pressure) and

The sole responsibility for the content of this deliverable lies with the authors. It does not necessarily reflect the opinion of the European Union. Neither
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the liquid hydrogen truck (4000 kg), the most common means nowadays is using gaseous hydrogen trailers.
Hydrogen supply through liquid hydrogen trailers is therefore not considered as part of this assessment.

Each of these configurations have their own safety requirements to enable safe bunkering. However due to the lack
of rules and experiences, the configuration using mobile offshore bunkering equipment is least developed for the
moment, whereas bunkering through the use of mobile onshore equipment through hoisting/lifting of hydrogen
storage containers is considered as a viable bunkering option on the shorter term*. The most common bunkering
configuration currently applied is using mobile onshore equipment through tube trailers (e.g. applied at the
CMB.Tech hydrogen station in Antwerp) or fixed onshore bunkering equipment (e.g., applied at the Parkwind
hydrogen station in Oostende), hence the focus on the latter two in this assessment. The different components are
assessed to understand the risks associated to it.

Components

The different hydrogen bunkering configurations described have different set-ups and hence the components they
consist of are common or specific to that particular set-up. An overview of the different components that can be
used in the different configuration are shown in the Table 1. As part of the risk assessment, these components are
described to a greater detail and the impact regarding safety distances is assessed. M-Tech developed a tool to
calculate the safety distances of hydrogen refuelling stations, and this tool is used to assess the risks in terms of
safety distances®.

Configuration name Onshore, fixed Onshore, mobile Offshore, mobile
Components Onsite production

Trailer + hose Trailer + hose

Compressor

Storage

Piping

Dispenser Dispenser
Bunkering method Direct filling bzt il

TABLE 1: OVERVIEW OF COMPONENTS PER BUNKERING METHOD

Risks as part of the risk assessment for permitting purposes are typically assessed in terms of safety distances. The
individual risk is used as a measure to guarantee a basic level of protection of a single person. It is used to investigate
small accident scenarios and is independent of the surrounding environment. This risk is typically visualised by a 10
6 risk zone around the source of the hazard, expressed in meters, within which a single person continuously exposed
to the hazard has a chance to become seriously or fatally injured once in every 1 million years due to an incident.
Similarly, risk zones of 107 (once in every 0,1 million years) and 1077 (once in every 10 million years). The 10-° risk
zone is the zone that is often concluded upon in a risk assessment. A summary is provided in Table 2.

4 E.g. https://www.portofrotterdam.com/en/news-and-press-releases/whs2023-partners-launch-condor-h2-for-
emission-free-inland-and-near-shore

> https://emis.vito.be/nl/bbt/publicaties/bbtbref-en-andere-publicaties/waterstoftankstations
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Per year Distance in meters to...

10-5 Station location

10-6 Houses

10-7 Sensitive locations (e.g., schools, hospitals,

TABLE 2: RISK ASSESSMENT: SAFETY DISTANCES

3.1.1. Hydrogen trailer

Hydrogen trailers are trucks that distribute hydrogen that is stored on permanent cylinders or tubes located on
trailers. These trailers are filled at hydrogen filling points at locations of hydrogen production or in the future at
locations connected to a hydrogen pipeline transport or distribution network. Trucks drive the hydrogen trailers to
the end-user where the trailer is detached from the truck and connected to the bunkering station when bunkering
is performed through fixed onshore equipment. Several trailers can be located next to each other to increase the
hydrogen bunkering capacity onsite. In such arrangements, hydrogen trailers can be exchanged when a trailer is
empty, allowing the truck to bring a full trailer and take an empty trailer on the way back. Alternatively, hydrogen
trailers can transfer hydrogen to hydrogen storage onsite, which is then basically a dump storage that is used to
off-load the hydrogen from the trailers.

Hydrogen trailers can also be used as mobile onshore equipment for bunkering. In that case, the hydrogen trailer
is connected (possibly via a dispenser) directly to the waterborne application in stead of to fixed onshore equipment.
In both cases, the hydrogen trailer is connected through a connection or bunkering hose. Risks are associated both
with the trailer and the hose. The hoses are dealt with in section 3.1.2.

Traditionally, hydrogen trailers containing hydrogen at 200 bar in long tubes were considered the standard (see
e.g., pictures below of Air Liquide). These tubes have typically an inner volume between 1200 and 2400 dm? and are
stacked in configurations between 9 to 18 tubes. The capacity of such trailers is typically around 300 kg. In case of
hydrogen demand above 1000kg/day, using such trucks would require a nearly continuous operation of truck
driving around empty and full trailers. This is becoming challenging when the trailer filling points and the bunkering
station are not in close approximation to each other. In the recent years, efforts have been performed to increase
the capacity of these trailer by increasing the pressure to 300 or 500 bar and to make more effective use of available
space on the trailer to stack as many tubes or cylinders as possible. Using cylinders in stead of tubes, for example
as shown in the pictures below from Wystrach and Linde, could raise the capacity with 50% to 150%, whereas
increasing both the pressure and making use of tubes could increase the capacity with 300%.

Hydrogen trailers

-

‘. CALVERR

24 Hydrogen

S
\ - G
o _,_——-— AIR LIQUIDE )=

e e
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Air Liquide®

Calvera/Shell”

Wystrach?

FIGURE 1: EXAMPLES OF HYDROGEN TRAILERS

To determine the safety distance associated to hydrogen trailers, the scenarios below are applied. It is assumed that
a hydrogen trailer can be unloaded in 3h.

Configuration name

Onshore, fixed

Onshore, mobile

Offshore, mobile

Trailer

Permanent (24h/d)

Temporarily (3h/d)

Temporarily (3h/d)

TABLE 3: SCENARIOS APPLIED TO HYDROGEN TRAILER

The M-Tech risk assessment tool includes different trailer types as shown in the Table 4 below. The trailers
considered are tube and cylinders trailers at different volumes at 200 or 500 bar.

# bar dm3 # dm3 Kg
Trailer 1 200 2330 9 20970 313

6 https://www.airliguide.com/sites/airliquide.com/files/2018/05/29/air-liquide-hydrogen-scaling-up.pdf

7 https://www.calvera.es/calvera-hydrogen-develops-the-largest-ever-hydrogen-transport-tube-trailer-model-for-

shell-hydrogen/

8 https://energynews.biz/wystrach-orders-cylinders-from-hexagon-purus/

9 https://www.thenewsmarket.com/500-bar-hydrogen-trailer-from-linde/a/bc10ed32-af96-4b5a-b3ba-
1fef8f993d48

10 https://hygear.com/news/hygear-expands-its-hydrogen-trailer-fleet-in-europe/
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Trailer 2 200 1950 11 21450 320
Trailer 3 200 1370 14 19180 287
Trailer 4 200 1310 16 20960 313
Trailer 5 200 1220 18 21960 328
Trailer 6 200 350 105 36750 778
Trailer 7 200 315 155 48825 1033
Trailer 8 200 165 224 36960 782
Trailer 9 200 85 295 25075 530
Trailer 10 200 50 350 17500 370
Trailer 11 500 350 105 36750 1163
Trailer 12 500 315 155 48825 1545
Trailer 13 500 165 224 36960 1169

TABLE 4: SPECIFICATION OF SAMPLE HYDROGEN TRAILERS

The M-Tech tool is used to determine the safety distances for all hydrogen trailer types. The results are shown in
Table 5. The safety distances are shown if up to 8 hydrogen trailers are being applied for 3 hours per day or 24
hours per day. However, these hydrogen trailers differ in capacity, therefore the yellow-coloured cells show the
smallest safety distance per kg of hydrogen capacity. The yellow cells with the black borders provide the smallest
safety distance per kg of hydrogen capacity for the 200 bar trailers (trailer 1 till 10) and for 500 bar trailers (trailer
11 till 13). A distinction is also made for the 200 bar trailers between the more traditional tube trailers (trailer 1 till
5) and cylinder trailers (trailer 6 till 10). The yellow cells appearing for these trailers provide the smallest safety
distance per kg of hydrogen capacity for trailers 1 till 5. The highest absolute safety distance but the smallest relative
safety distance applies to the high-capacity trailers (trailer 7 and 12).

Trailer S Duration trailers at site: 3h/d
zone

# /y 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Trailer 1 10-5 |0 0 0 4 5 8 11 (12 (12 |15 |16 |18 [19 |20 |21 |22
10-6 |13 |15 |17 |19 (20 |22 |23 |24 |24 |32 |39 44 |47 |50 |52 |54
10-7 |26 |36 |43 |47 |51 |53 |55 |57 |57 |58 |58 |59 |59 |59 |59 |59
Trailer 2 10-5 |0 0 3 5 8 11 12 (12 |12 |15 |16 |18 |19 |20 |22 |23
10-6 |13 |15 |18 |19 (21 |23 |24 |26 (26 |34 |40 |44 |47 |50 |52 |53
10-7 (28 |37 |43 |47 |50 |53 |53 |53 |53 |54 |55 |55 |55 |55 |55 |55
Trailer 3 10-5 |0 0 5 8 10 [11 |11 (12 |12 |14 |16 |18 |19 |21 |23 |24
10-6 |12 |15 |17 |19 (22 |24 |25 |26 (26 (34 |39 43 |45 |47 |47 |47
10-7 |28 |37 |42 |45 (47 |47 |47 (47 (A7 |48 |49 |49 (49 |49 |49 |49
Trailer 4 10-5 |0 3 6 9 10 [11 (12 |12 |12 |14 |17 |18 |20 |22 |24 |25
10-6 |13 |16 |18 |20 (23 |25 |26 |27 |27 |35 |40 |43 |46 |47 |47 |47
10-7 |29 |38 |43 |46 47 |47 |47 |48 48 |48 |49 (49 |49 |49 |49 |50
Trailer 5 10-5 |0 4 7 10 (11 (11 (12 |12 |12 |15 |17 |19 |21 |23 |25 |26
10-6 |13 |16 |19 |21 (24 |25 |27 |28 |28 |36 |41 44 |45 |45 |45 |48
10-7 |30 |38 |43 |45 45 |45 |46 (46 46 |47 |47 |47 |47 |48 |48 |48
Trailer 6 10-5 |8 9 10 11 |12 |13 [14 |14 |14 |19 |23 |25 |27 |28 |29 |29
10-6 |16 |21 |25 (27 (28 |29 |29 |29 (29 (30 |31 31 |31 |31 |31 |31
10-7 (30 |31 |31 |31 |31 |31 |31 |31 |31 |32 |32 |34 |36 |37 |38 |39
Trailer 7 10-5 |8 10 |11 |12 (14 |15 |16 |16 |16 |22 |25 |27 |29 |29 |29 |29
10-6 |18 [24 |27 (29 (29 |29 |30 |30 (30 |31 |31 |31 |31 |31 |31 |31
10-7 (30 |31 |31 |31 |31 |31 |32 [32 |32 |32 |34 |36 |38 |39 |39 |40
Trailer 8 10-5 |8 9 11 13 |14 |15 |15 |16 |16 |20 |22 |23 |23 |24 |24 |24
10-6 |17 |22 |23 |23 (24 |24 (24 (24 (24 |25 |25 25 |26 (26 |26 |26
10-7 |25 |25 |25 |26 |26 |26 |26 |26 |26 |28 |30 |32 |33 |33 |34 |34
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Trailer9 [ 10-5 |6 [8 [9 [10 [11 [12 [13 [14 [14 [17 [19 [19 [20 [20 [20 |20
10-6 15 18 19 20 20 20 20 20 20 21 21 21 21 21 21 21
10-7 [21 |21 (21 [21 [21 [21 [21 |21 [21 |24 [26 |27 |28 [28 |29 |29
Trailer 10 [ 10-5 |6 |7 [8 |9 [11 [11 [12 [13 |13 [15 |16 |16 |17 |17 [17 |17
10-6 14 16 16 17 17 17 17 17 17 18 18 |18 18 18 18 19
10-7 [17 [18 |18 [18 [18 [18 [19 |19 [19 |21 [22 (23 |25 [25 |25 |25
Trailer 11 [ 10-5 [10 [11 [13 [15 [16 [18 [19 |20 |20 |26 (30 (33 [35 |36 [38 |39
10-6 22 28 32 35 37 38 (39 39 39 40 40 41 41 41 41 41
10-7 (39 140 (41 (41 [41 [41 [41 |41 |41 |42 |42 |43 |45 |46 |47 |48
Trailer 12 | 10-5 |10 13 |15 [17 [19 [21 |22 |23 |23 |29 (33 |35 |37 |37 |37 |37
10-6 |25 [31 [35 [37 [37 [37 [38 [38 [38 [39 [39 [39 [39 [40 [40 |40 |
10-7 (38 139 (39 (39 [40 [40 [40 (40 (40 [41 |43 |45 |47 (48 |49 [50
Trailer 13 | 10-5 |9 13 |16 |18 [20 [22 [23 |24 |24 (27 |29 |29 |30 |30 [30 |30
10-6 25 28 29 30 30 30 30 31 31 31 32 32 33 34 34 35
10-7 |31 |32 (32 [33 [34 [35 [35 (36 [36 (38 (39 |41 |42 |42 |43 |44

TABLE 5: SAFETY DISTANCES FOR SAMPLE HYDROGEN TRAILERS

Based on the results of the risk assessment in Table 5, an overall concluding graph is made depicting the results of
the risk assessment (see Figure 2).

For hydrogen trailers that are temporary connected to onshore fixed bunkering equipment or are used as onshore
mobile bunkering equipment, the safety distances for 200 bar trailers are less than 500 bar trailers and the safety
distances are not much increasing when 3 or more trailers are used. The high-capacity trailers are having the highest
safety distances but provide the least distance per kg of hydrogen capacity. Also, for similar capacity trailers, the
cylinder trailers provide for much shorter safety distances than the tube trailers. The most effective hydrogen trailers
that provide the smallest relative safety distances per kg of hydrogen capacity are high capacity, hydrogen
cylinder trailers at 200 or 500 bar for trailers that are temporary used. The safety distances are anywhere between
12 and 28 meters for up to 4, 200 bar hydrogen trailers, whereas the safety distances are anywhere between 22 and
37 meters for up to 4, 500 bar hydrogen trailers.

For hydrogen trailers that are permanently connected to onshore fixed bunkering equipment, the safety distances
for 200 bar trailers are less than 500 bar trailers, but this is only true for some trailer types. The range of safety
distances for 200 bar trailers increase significantly per number of trailers, whereas the range of safety distances for
500 bar trailers are relatively similar and does not increase much when more trailers are used. The high-capacity
trailers do not have the highest safety distances but do provide the least distance per kg of hydrogen capacity. Also,
for similar capacity trailers, the tube trailers provide for much shorter safety distances than the tube trailers. The
most effective hydrogen trailers that provide the relative smaller safety distances per kg of hydrogen capacity are
high capacity, hydrogen cylinder trailers at 200 bar for trailers that are permanently used. The safety distances
are anywhere between 12 and 44 meters for up to 4, 200 bar hydrogen trailers, whereas the safety distances are
anywhere between 31 and 41 meters for up to 4, 500 bar hydrogen trailers. Interestingly, the high capacity 500 bar
cylinder trailers have shorter safety distances then 200 bar tube trailers, when more than 3 hydrogen trailers are
permanently used.

A general conclusion that can be drawn is that the safety distances for temporarily connected trailers are not really
affected by the type of trailer and it does also not really matter safety-distance-wise to use a high-capacity trailer
in stead of several low-capacity trailers for trailers within the same pressure class. A rough indicator is 20 meters
for a 200 bar, temporary hydrogen trailer(s) with a (combined) storage capacity of 1000 kg and 25 meters
for 2000 kg. For permanently connected trailers, the safety distances for 200 bar high-capacity trailers are
significantly smaller. For example, for 1000 kg hydrogen stored, the high-capacity trailer has a safety
distance of 30 meters, whereas 3 trailers of 300 kg reach a safety distance of around 40 meters. For 500 bar
trailers, the smallest relative safety distances are obtained for the high-capacity trailers, however, the trailers with
the smallest cylinder volume provide the lowest distance per defined amount of kg (trailer 13). For example,
for 3000 kg of hydrogen trailer capacity, 2 trailer #12 are required and roughly 2 trailer #11 and 13, which results in
a safety distance of respectively, of 39, 40 and 32 meters.

The sole responsibility for the content of this deliverable lies with the authors. It does not necessarily reflect the opinion of the European Union. Neither
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FIGURE 2: GRAPHICAL REPRESENTATION OF SAFETY DISTANCES FOR HYDROGEN TRAILERS (200 BAR, 500
BAR, 3 H/D AND 24 H/D)
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3.1.2. Trailer hose

Hydrogen trailers hoses are used to transfer hydrogen from the hydrogen trailers to the waterborne applications
through mobile onshore equipment or to fixed onshore equipment. In the first case, the hydrogen trailer hose can
be direct coupled to the waterborne application or to a dispenser which is then coupled to the waterborne
application. In the latter case, the trailer hose can be used to connect the trailer to the low-pressure hydrogen
storage or to a compressor that elevates the pressure to the mild-high- or high-pressure hydrogen storage. Trailers
hoses often connected to a trailer drop-off cabinet which then through permanent piping connects to the hydrogen
storage or the compressor. Trailer hoses are often a form of flexible piping. The hoses need to be able to handle
hydrogen at least at the same pressure as the maximum hydrogen pressure contained in the hydrogen trailer. For
a 200 bar hydrogen trailer, the hose needs to be able to handle 200 bar, etc. Hoses come in different diameters and
the higher the diameter, the higher the throughput. A rough indication of throughput of these hoses are the same
as for the diameter of the dispenser (see Table 6 and Table 18). Examples of trailer hoses are shown in Figure 3.
When trailers are connected temporarily to the equipment used for fixed or mobile onshore bunkering, it is assumed
that the hose is used at the same time as the trailer (3 h/d), where when it is semi-permanently connected to
equipment used for fixed onshore bunkering it is in use 24 h/d.

Hydrogen trailer hose

Ratermann'?

CMWelding'3 Spir start'*

" https://www.prorackgasproducts.com/pigtail-hoses-fittings

12 https://www.rmiorder.com/category/ZP-SHP/smart-hose

13 https://cmwelding.com/configuration/hydrogen-h2-tube-trailer-9-tubes-dot-3aax-2400psi-40-ft

4 https://hyfindr.com/marketplace/components/hydrogen-hoses/high-pressure-hydrogen-hose-6mmhydrogen/
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FIGURE 3: EXAMPLES OF HYDROGEN TRAILER HOSES

To determine the safety distance associated to hydrogen trailer hoses, the scenarios below are applied. The
hydrogen trailer hose is a component use for all bunkering configurations using onshore equipment. It is either
applied 3 h/d or 24 h/d.

Configuration# 1 2 3

Configuration name Onshore, fixed Onshore, mobile Offshore, mobile
Trailer hose Permanent (24h/d) Permanent (24h/d) -
Temporarily (3h/d) Temporary (3h/d) -

TABLE 6: SCENARIOS APPLIED TO HYDROGEN TRAILER HOSES

The M-Tech risk assessment tool includes different hydrogen trailer hoses as shown in the Table 7 below. The hoses
are expected to be protected by a non-return valve and a flow restrictor. The pressures applied for these hoses are
200 or 500 bar which range between 6 and 12 mm for the internal diameter.

# Bar Mm kg/min
Hose 1 200 6 3,6
Hose 2 200 8 4.8
Hose 3 200 10 6,0
Hose 4 200 12 7.2
Hose 5 500 6 3,6
Hose 6 500 8 4.8
Hose 7 500 10 6,0
Hose 8 500 12 7,2

TABLE 7: SPECIFICATIONS OF SAMPLE HYDROGEN TRAILER HOSES

The M-Tech risk assessment tool is being used to determine the safety distances for all hydrogen trailer hose types.
The results are shown in Table 8. The safety distances are shown for hoses which are used 3 h/d or 24 h/d. The
safety distances are shown for three risk zones and for up to 8 hoses. The yellow cells provide the lowest distance
per diameter size for each pressure class (hose 1-4 for 200 bar and 5-8 for 500 bar). The yellow cells with a black
outline provide the overall lowest distance per diameter size for all pressure classes and diameters.

Duration hose: 3h/d Duration hose: 24h/d

Hose 1 10-5 |3 5 8 10 (10 10 |11 11 11 (12 12 (12 13 (13 (13 |13
10-6 11 |12 |12 |13 |13 |13 |13 (14 |14 |15 |17 [18 [19 |19 |20 |20
10-7 |14 16 17 |19 |19 |20 |20 21 |21 |22 |22 |23 |23 |23 |23 |23
Hose 2 10-5 |4 9 12 /12 13 |13 |13 14 (14 |15 |16 |16 17 |18 19 |19
10-6 14 |15 (16 |17 |18 |19 (20 |21 21 24 |26 |27 |27 28 |28 |28
10-7 |22 |25 (327 |27 |28 |28 |28 |28 |28 |29 30 |30 30 |30 |30 |30
Hose 3 10-5 |4 12 |14 |15 |15 |15 |16 |16 |16 |18 |20 |21 |22 23 |24 |25
10-6 (16 |19 |21 22 |23 |24 |25 (26 26 30 (32 |33 |33 34 34 34
10-7 |27 |31 33 |33 |34 34 |34 34 |34 |35 36 |36 36 |36 |37 |37
Hose 4 10-5 |5 14 15 |16 |17 |17 (17 |18 |18 |21 |24 (26 |28 29 |30 |31
10-6 |19 |23 (26 28 29 30 (31 |32 32 36 (38 |39 40 40 41 M4
10-7 |33 |37 39 |40 |40 |41 |41 41 |41 |43 44 |44 |45 |45 |46 |46
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Hose 5 10-5 |4 10 (12 (13 |13 |14 14 (14 14 |15 |16 |17 (18 |19 |20 |20
10-6 14 |16 |17 (18 19 |20 (21 |21 21 25 |27 |28 |28 29 |29 29
10-7 |23 26 (27 |28 |29 |29 |29 29 |29 |30 31 |31 31 |31 |32 |32
Hose 6 10-5 |5 13 |15 |16 |16 |17 17 |17 17 |20 |23 |25 |26 |27 |28 |28
10-6 |18 |21 (24 26 27 28 (29 30 30 34 |36 |37 38 38 |39 39
10-7 |31 |35 37 |38 |38 (39 |39 39 |39 |40 (41 |41 42 |42 |42 |43
Hose 7 10-5 |6 16 (17 (18 |19 |19 20 |20 20 |25 |29 |32 |37 36 |37 |38
10-6 22 |27 |31 34 36 |37 (38 |39 39 42 |45 (46 |47 47 |48 |48
10-7 |40 44 46 |47 |48 |48 |49 49 |49 |52 54 |56 |56 |57 |58 |58
Hose 8 10-5 |8 18 |20 |10 |21 (22 22 |23 23 |30 (35 |39 42 44 |45 |46
10-6 25 |33 |38 42 44 (46 |47 |48 48 52 |54 |55 |56 56 |57 |57
10-7 |50 |53 |55 |56 |56 |57 |58 58 |58 |65 |68 |69 |70 |71 |71 |72

TABLE 8: SAFETY DISTANCES FOR SAMPLE HYDROGEN TRAILER HOSES

Based on the results of the risk assessment in Table 8, an overall concluding graph is made depicting the results of
the risk assessment (see Figure 4).

Several comparisons can be made based on the results shown in Table 8.

When considering hoses within the same pressure class but different diameters (hose 1-4 and hose 5-8), the hoses
with the smallest diameter provide the smallest safety distances. For temporary connected hoses, safety distances
for a 200 bar hose with a diameter of 6 mm and a 200 bar hose with a diameter of 12 mm are respectively 11 and
19 meters. The safety distances increase to respectively 14 and 25 meters for 500 bar temporarily connected hoses
with similar diameters. For permanently connected hoses, the safety distances increase significantly for larger
diameter hoses. For example, for 200 bar hoses the safety distances increases only 3 meters (to 14 meters) for the
6 mm hose, whereas it increases 13 meters for 12 mm hoses. Similar conclusions can be drawn for 500 bar hoses as
the safety distances for permanently connected hoses increase with 7 meters (to 21 meters) for a 6 mm hose and
with 23 meters (to 48 meters) for a 12 mm hose.

For both the 200 and 500 bar hoses, the safety distances do not increase the least when multiple hoses are
considered. For a temporary connected 200 bar hose with a diameter of 6 mm, the safety distance increases only
by 1 meter (to 12 meters) when 2 hoses are connected and only 3 meters (to 14 meters) when 8 hoses are connected.
For 500 bar, 6mm hoses, the safety distances increase a bit more by respectively 2 meters (2 hoses connected) and
7 meters (8 hoses connected). A similar conclusion can be drawn for permanently connected hoses. For a 200 bar
hose with a diameter of 6 mm, the safety distances increase only with 1T meter (to 15 meters) when 2 hoses are
connected, whereas the safety distances increase only by 6 meters (to 20 meters) when 8 hoses are connected. For
500 bar, 6 mm hoses, the safety distances increase only with 4 meter (to 25 meters) when 2 hoses are connected,
whereas the safety distances increase only by 8 meters (to 29 meters) when 8 hoses are connected. For a large
diameter hose (12 mm), the safety distances are quite large. For temporary connected, 200 bar, 12 mm hoses, the
distances increase by 4 meters to 23 meters (200 bar) and 8 meters to 33 meters (500 bar) when 2 hoses are
connected. When 8, 12 mm hoses are temporary connected, the safety distances increase to 32 meters (200 bas)
and 48 meters (500 bar). For permanently connected, 12 mm hoses, the safety distances are between 36 and 41
meters (200 bar, 2 and 8 hoses connected) and 52 and 57 meters (500 bar, 2 and 8 hoses connected).

The smallest relative safety distances per mm diameter are obtained for the 200 bar, 6 mm hose for permanently
connected hoses, whereas for temporary connected hoses it depends on the number of connected hoses. The
largest diameter hose (12 mm) provides the relative smallest safety distance for 1 connected hose, the 8 mm hose
for 2 to 4 connected hoses and the 6 mm hose for 5 to 8 connected hoses. For 500 bar hoses however, the smallest
relative safety distances per mm diameter are obtained for the 500 bar, 12 mm hose for 3 or more connected hoses
and 6 mm hose for 1 or 2 connected hoses. For temporary connected hoses, the smallest relative safety distances
per mm diameter are obtained for the 500 bar, 12 mm hose for 1 connected hose, 8 mm hose for 2 connected hoses
and 6 mm for 3 or more connected hoses.

For hoses with the same diameter, the 200 bar hoses have smaller safety distances than 500 bar hoses.

A general conclusion that can be drawn from this assessment is that in order to limit the safety distances, it
would be recommended to use several small diameter hoses at the lowest pressure level possible. As can be
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seen from Table 5, the safety distances are not increasing a lot when more than 1 trailer is used, but there is a
significant difference in safety distances between a 200 bar trailer and a 500 bar trailer. Hence it worthwhile to
consider using several 200 bar hydrogen trailers with several small, 6 mm diameter hoses in stead of a 500 bar trailer
with 1 or multiple hoses. This seems a practical solution for small to medium sizes bunkering stations where u can
connect up to 4 trailers in a bay. This conclusion holds for bunkering stations with onshore, fixed equipment. The
same conclusion can be drawn for bunkering stations using onshore, mobile equipment. However, here the choice
is somehow limited as high-pressure trailers are needed to reach the desired pressure levels in the waterborne
application. In order to limit the safety distances and increase the refuelling speed, it would be recommended
to use several small diameter hoses in stead of 1 big diameter hose for 500 bar trailers. Such arrangements
are well possible when the trailer is segmented.
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FIGURE 4: GRAPHICAL REPRESENTATION OF SAFETY DISTANCES FOR HYDROGEN TRAILER HOSES (200 BAR, 500

BAR, 3 H/D, 24 H/D)
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3.1.3. Piping

Hydrogen piping is used to connect individual components of the bunkering station, so typically compressor to
storage, trailer drop-off point to a compressor or storage, storage to dispenser, etc. Piping should be made of
materials that are approved to be used for pressurised hydrogen. So, depending on the area of application, pipes
should be safely able to transport hydrogen up to 1000 bar. Piping also comes in different diameters (e.g., 6 till 200
mm internal diameter). Example of piping is shown in the Figure 5. Hydrogen piping is considered to be permanently
used in bunkering stations using fixed, onshore equipment.

Soluforce'”

Thyssenkrupp'
FIGURE 5: EXAMPLES OF HYDROGEN PIPING

To determine the safety distance associated to hydrogen piping, the scenarios below are applied. The hydrogen
piping is a stationary component, hence applied 3 h/d or 24 h/d.

Configuration# 1.2

Configuration name

Onshore, fixed

Onshore, mobile

Offshore, mobile

Piping

Permanent (24h/d)

Permanent (3h/d)

15 https://www.canarymedia.com/articles/hydrogen/experts-say-blending-hydrogen-into-gas-pipelines-wont-work

16 https://h2tools.org/bestpractices/piping-layout-and-design

7 https://www.soluforce.com/product-overview/pipe-types/hydrogen-tight.html

'8 https://bellona.org/news/eu/2021-03-hydrogen-in-steel-production-what-is-happening-in-europe-part-one
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TABLE 9: SCENARIOS APPLIED TO HYDROGEN PIPING

The M-Tech risk assessment tool includes different hydrogen piping as shown in the Table 10 below. The piping is
expected to be 5 meter long.

Piping  Presure  Internaldiameter
# Bar mm
Piping 1 30 12
Piping 2 30 16
Piping 3 30 20
Piping 4 200 12
Piping 5 200 16
Piping 6 200 20
Piping 7 500 6
Piping 8 500 8
Piping 9 500 12
Piping 10 500 16
Piping 11 1000 6
Piping 12 1000 8
Piping 13 1000 10

TABLE 10: SPECIFICATION OF SAMPLE HYDROGEN PIPING

The M-Tech tool is used to determine the safety distances for all hydrogen piping types. The results are shown in
Table 11. The safety distances are shown if up to 8 hydrogen pipes are being applied for 3 hours per day or 24 hours
per day. However, these hydrogen pipes differ in capacity, therefore the yellow coloured cells show the smallest
safety distance per mm diameter. The yellow cells provide the smallest safety distance per mm diameter for 30 bar
piping (pipe 1 till 3), for 200 bar piping (pipe 4 till 6), for 500 bar piping (pipe 7 till 10) and for 1000 bar piping (pipe
11 till 13). The yellow cells with the black borders provide the overall smallest safety distance per mm diameter.

Risk
zone

Duration piping: 3h/d

Duration piping: 24h/d

|

# /)y 1 2 3 4 5 6 7 8 1 2 3 4 5 6 1 8
Piping 1 10-5 0 Jo Jo o Jo Jo [1 |1 |1 2 |2 |2 [2 [2 |2 |3
06 1 2 2 2 2 3 3 3 3 3 4 4 4 4 4 4
10-7 /3 3 |4 4 4 4 4 5 5 6 7 8 8 9 9 9
Piping 2 105 0 Jo Jo o Jo 1 [+ |1 |1 |2 J2 |2 [2 [3 [3 |3
06 (1 |2 2 |2 |3 3 3 3 3 4 4 4 4 5 5 5
10-7 '3 4 4 4 5 5 5 5 5 8 10 12 13 13 14 14
Piping 3 1-5/0 0o 0 1 1 1 1 2 2 |2 2 3 3 3 3 3
106 2 |2 |2 [3 |3 [3 |3 [3 [3 [4 |4 |5 |5 |5 [5 |6
10-7 /4 4 4 5 5 5 6 6 6 8 13 15 16 17 |18 19
Piping 4 105 0 0 1 |2 2 2 2 2 2 3 3 4 4 4 4 |5
106 2 3 4 4 4 4 5 5 5 6 6 7 8 9 (10 10
10-7 5 6 7 |8 9 10 11 12 12 18 22 25 26 28 28 29
Piping 5 105 0 Jo [1 [1 [2 [2 [2 |2 |2 |3 4 4 5 |5 |5
106 2 3 4 4 5 5 5 5 5 7 8 9 10 11 12 13
10-7 6 7 9 |10 11 13 14 15 15 22 28 32 35 38 39 40
Piping 6 105 0 o Jo [1 [1 [2 [2 [2 |2 4 4 4 5 5 5
106 2 4 4 4 5 5 6 6 6 7 8 10 11 12 13 14
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10-7 |6 8 9 11 (12 (14 |15 |16 (16 |24 33 |38 42 |45 |48 |49
Piping 7 10-5 |0 2 2 2 2 2 2 3 3 3 4 4 |4 4 4 |4
10-6 3 3 4 4 4 4 4 4 4 5 6 7 |8 9 9 10
10-7 |5 6 7 8 9 10 (11 11 |11 |15 |16 |17 |18 |18 |18 |19
Piping 8 10-5 |0 1 2 2 2 2 2 3 3 3 4 4 5 5 5 5
10-6 3 4 4 5 5 5 5 5 5 6 |7 9 10 (11 |12 |12
10-7 |5 7 8 10 (11 12 (13 |14 14 |21 24 |26 |27 |28 |28 |28
Piping 9 10-5 |0 1 1 2 2 2 2 2 2 3 4 4 5 5 5 5
10-6 3 4 4 5 5 5 6 6 6 |7 9 10 |12 13 |14 |15
10-7 |6 8 10 (12 |14 |15 |16 (17 |17 26 |30 |33 35 |36 37 |38
Piping 10 10-5 |0 0 1 2 2 2 2 3 3 4 4 5 5 6 6 6
10-6 3 4 5 5 5 6 6 6 8 10 11 13 |15 |16 18
10-7 |7 9 11 (13 |15 |17 |18 20 |20 30 |36 |39 42 |44 45 |46
Piping 11 10-5 |0 2 2 2 3 3 3 3 4 4 5 5 5 5 5
10-6 |3 4 5 5 5 5 6 6 |7 9 10 (11 12 |13 |14
10-7 |6 8 10 (11 |12 |14 |15 16 |16 22 |24 |25 26 |27 |27 |28
Piping 12 10-5 |0 1 2 2 3 3 3 3 4 5 5 6 6 6 6
10-6 4 4 5 6 6 6 7 7 9 11 |13 15 |16 (17 |18
10-7 |7 10 (12 |15 |16 [17 19 |20 20 |29 |34 |37 38 39 |40 |40
Piping 13 10-5 |0 1 2 2 3 3 4 4 |4 5 6 6 6 7 7
10-6 4 5 6 6 7 7 7 7 9 11 (14 16 (18 (20 21
10-7 |8 10 (13 |16 |19 |21 |22 |23 |23 |36 |42 |46 |49 50 |52 |53

TABLE 11: SAFETY DISTANCES FOR SAMPLE HYDROGEN PIPING

Based on the results of the risk assessment in Table 11, an overall concluding graph is made depicting the results
of the risk assessment (see Figure 6).

Several comparisons can be made based on the results shown in Table 11. The foremost conclusion is that hydrogen
piping does not contribute a lot to the safety distances as for all piping applied 3 h/d and 2 pipes that are used
24h/d of a certain pressure class result in safety distances of less than 10 meters.

The smaller the diameter of the piping used, and the lowest operating pressure used, result in the lowest safety
distances. However, within a pressure class for pipes that are used 3 h/d, the difference in safety distances
between the smallest pipe and the biggest pipe is generally speaking only 1 meter. Hence, it is not worth to
apply a larger number of smaller pipes in stead of a bigger pipe to connected station components.

For pipes within the same pressure classes that are used 24 h/d, similar conclusions can be drawn. For 2 pipes that
are used, the safety distances between the smallest and the largest diameter pipe is typically between 2 till 3 meters.
For example, the safety distance range for 30 bar piping is 3-4 meters, for 200 bar piping is 6-7 meters, for 500 bar
piping is 5-8 meters and 1000 bar piping is for 7-9 meters.

However, for 4+ pieces of pipe used for 24 h/d, the safety distances increase, but stay below 20 meters.

Hence, the conclusion that hydrogen piping has a limited impact on the safety distances. Of course, it is
recommended to keep the piping distance as short as possible, but even if it extents, its safety distances stay
at or below 20 meters, even for the largest diameter piping for the highest pressure.
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FIGURE 6: GRAPHICAL REPRESENTATION OF SAFETY DISTANCES FOR HYDROGEN PIPING (30 BAR, 200 BAR, 500
BAR, 1000 BAR, 3 H/D, 24 H/D)
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3.1.4. Compressor

Hydrogen compressors are used in bunkering stations to elevate pressures required by the hydrogen storage.
Typically compressors are used to increase the pressure from the low pressure storage (50, 80, 200 bar) to the mild-
high (500 bar) pressure storages, from the mild-high (500 bar) pressure storage to the high (1000 bar) pressure
storage, or directly from the low pressure storage (50, 80, 200 bar) to the high (1000 bar) pressure storage. Different
technologies are used for hydrogen compressors (e.g., ionic liquids, membrane/diaphragm). As compressors are
used to transfer hydrogen from low pressures to elevated pressures, the amount of hydrogen permanently kept
within the compressor enclosure is limited and hence small safety distances are expected.

Hydrogen compressors can also be used to direct bunker a waterborne application, so-called booster bunkering.
The capacity is dependent on the motor that drives the compressor and the inlet pressure. The lower these are, the
lower the capacity. Hydrogen compressors are typically used in bunkering stations that bunker through fixed
onshore equipment. Some examples of hydrogen compressors are shown in the Figure 7.

Hydrogen compressors

Hydro-Pac?' Howden??

19 https://www.hofer-hochdrucktechnik.de/en/products/piston-compressors

20 https://www.atlascopco.com/nl-be/compressors/products/gas-compressors/h2p-hydrogen-compressor-power-
to-gas
21 http://hydropac.com/literature/LX-SERIES%20Hydrogen%20Brochure%2001 2011-%20reduced.pdf

22 https://www.howden.com/en-us/applications/compressors-for-hydrogen-fuel-cell
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FIGURE 7: EXAMPLES OF HYDROGEN COMPRESSORS

To determine the safety distance associated to hydrogen compressors, the scenarios below are applied. The
hydrogen compressor is a stationary component, hence applied 3 h/d or 24 h/d.

Configuration name Onshore, fixed Onshore, mobile Offshore, mobile
Compressor Permanent (24h/d) - -
Permanent (3h/d) - -

TABLE 12: SCENARIOS APPLIED TO HYDROGEN COMPRESSORS

The M-Tech risk assessment tool includes different hydrogen compressors as shown in the Table 13 below. The
compressors are expected to be housed in a pressure-relief environment, which on its turn is an indicator for the
capacity of the compressor.

# ft container
Compressor 1 10
Compressor2 | 20
Compressor 3 | 30
Compressor4 | 40

TABLE 13: SPECIFICATION OF SAMPLE HYDROGEN COMPRESSORS

The M-Tech tool is used to determine the safety distances for all hydrogen compressor types. The results are shown
in Table 14. The safety distances are shown if up to 8 hydrogen compressors are being applied for 3 hours per day
or 24 hours per day. However, these hydrogen compressors differ in capacity, therefore the yellow-coloured cells
show the smallest safety distance per unit of enclosure size. The yellow cells provide the smallest safety distance
per unit of enclosure size.

Risk
Compressor z::sne Duration compressor: 3h/d Duration compressor: 24h/d

# /y

Compressor 1 |10-5
10-6
10-7
Compressor 2 |10-5
10-6
10-7
Compressor 3 |10-5
10-6
10-7
Compressor 4 10-5
10-6
10-7
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TABLE 14: SAFETY DISTANCES FOR SAMPLE HYDROGEN COMPRESSORS
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Based on the results of the risk assessment in Table 14, an overall concluding graph is made depicting the results
of the risk assessment (see Figure 8).

A very noticeable results for compressors that are used only 3 h/d, the safety distances for all compressor
types and number of compressors is 0. The pressure-relief environment in which the compressor is housed
ensures that no safety distances need to be considered. From a safety perspective, it is recommended for
bunkering stations using fixed onsite equipment to apply compressors that can compress hydrogen in a
quick manner or use multiple small compressors.

For compressors that are more permanently used, the safety distances applicable to cases where more than
2 compressors are used are between 5 to 10 meters.

All in all, using single or multiple high throughput compressors which allow for a temporary usage of these
compressors per day results in safety distances of 0 meters. In addition, when 1 compressor is used 24 h/d, then
the safety distances are still 0 meters. Only when multiple compressors are being used on a 24 h/d basis the safety
distances are ranging between 5 to 10 meters, which is rather limited. Hence, the hydrogen compressor does not
contribute much to hydrogen safety distances.

Safety distances per type of compressor (24 h/d)

10

Safety distance (m)
(9]

1 2 3 4 5 6 7 8
Number of compressors

1 2 & 3 —e—-4

FIGURE 8: GRAPHICAL REPRESENTATION OF SAFETY DISTANCES FOR HYDROGEN COMPRESSORS (24 H/D)
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3.1.5. Storage

Hydrogen storage cylinders, vessels or tubes are used at different pressures in hydrogen bunkering stations. For
bunkering at 350 bar, typically a low pressure (<200 bar) and mild-high (500 bar) pressure storages are used,
whereas for bunkering at 700 bar, typically low pressure (<200 bar), mild-high (500 bar) and high (1000) pressure
storages are used. The low-pressure storage and even the mild-high pressure storage can be replaced by trailers,
however, they can also be combined (e.g., trailer and high-pressure storage or a trailer and mid-high-pressure
storage). Hence, hydrogen storage is mainly used in bunkering configurations that use fixed onshore equipment.
However, bunkering through mobile offshore equipment, is also using hydrogen storage in order to transfer
hydrogen to the waterborne application. Hydrogen storage comes in difficult volumes and pressures that would
typically range from 50 dm? for small volumes to 50.000 dm3 and beyond. Typically, the larger the pressure, the
smaller the storage volumes and hence the total volume must be increased by using multiple storage cylinders,
vessels or tubes. Storage pressures can also be wide, ranging from 50 bar to 1000 bar. Some examples are shown
in Figure 9.

MaHyTec?

L NwswroE Pure Energy?®

23 https://www.mahytec.com/en/compressed-hydrogen-storage/
24 https://nelhydrogen.com/product/hydrogen-fueling-storage/

2> https://commons.wikimedia.org/wiki/File:2015-04-

28 19 17 36 Hydrogen storage cylinders inside the upper air building at the National Weather Service Weath
er Forecast Office in Elko, Nevada %28NWS WFO LKN%29.jpg

26 https://northsearegion.eu/zem-ports-ns/news/training-modules-for-hydrogen-technology-published/
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FIGURE 9: EXAMPLES OF HYDROGEN STORAGES

To determine the safety distance associated to hydrogen storage, the scenarios below are applied. The hydrogen
storage is a stationary component, hence applied 24 h/d.

Configuration name

Onshore, fixed

Onshore, mobile

Offshore, mobile

Storage

Permanent (24h/d)

Permanent (24h/d)

TABLE 15: SCENARIOS APPLIED TO HYDROGEN STORAGES

The M-Tech risk assessment tool includes different hydrogen storages as shown in the Table 16 below.

# bar dm3 Kg
Storage 1 50 50.000 204
Storage 2 50 150.000 613
Storage 3 80 50 0,3
Storage 4 80 850 5,5
Storage 5 80 35.000 225
Storage 6 200 50 0,7
Storage 7 200 150 2,2
Storage 8 200 350 51
Storage 9 200 1.100 16,4
Storage 10 | 200 1.700 25,4
Storage 11 | 200 2.500 37,3
Storage 12 | 500 50 1,6
Storage 13 | 500 150 4,7
Storage 14 | 500 350 11
Storage 15 | 500 1.000 31,7
Storage 16 | 500 1.500 47,5
Storage 17 | 500 2.500 79,1
Storage 18 | 1000 50 2,5
Storage 19 | 1000 150 7,6
Storage 20 | 1000 350 17,7
Storage 21 | 1000 750 37,9

TABLE 16: SPECIFICATION OF SAMPLE HYDROGEN STORAGES

The M-Tech tool is being used to determine the safety distances for all hydrogen storage types. The results are
shown in Table 17. The safety distances are shown for different hydrogen storage capacities, between 50 until 20.000
kg, which are applied 24 hours per day. The yellow cells provide the smallest safety distance per kg of hydrogen
stored for low pressure (50, 80 and 200 bar) storages (storage 1 till 11) and for high pressure (500 and 1000 bar)
storage (trailer 12 till 21), whereas the yellow cells with the black outlines provide the smallest safety distance per
kg of hydrogen stored for all pressure (50, 80, 200, 500, 1000) storages (storage 1 till 21).

Storage ::nke Duration hydrogen storage at site: 24h/d

# 1y 50 100 250 500 1000 1500 2000 3000 5000
Storage1 | 10-5 |0 0 0 4 5 5 6 11 18 24 27

The sole responsibility for the content of this deliverable lies with the authors. It does not necessarily reflect the opinion of the European Union. Neither

the Interreg 2 Seas Programme nor the European Commission are responsible for any use that may be made of the information contained therein.
30



ISHY | Output 5.1 | Risk assessment tool for the implementation of H2 and Efuelling systems in ports

Storage 2

Storage 3

Storage 4

Storage 5

Storage 6
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Storage 16
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7 8 10 12 18 21 24 27 29 30 (31
12 18 26 29 30 31 31 31 31 32 33
29 30 31 31 32 32 33 37 40 44 46
1 0 0 0 4 5 5 6 6 8 24
0 4 6 6 8 22 24 26 29 35 |48
6 8 25 29 35 40 48 60 76 96 103
7 9 13 15 16 17 17 17 18 18 19
15 16 17 18 18 18 19 19 21 23 24
18 18 19 21 23 24 24 25 25 26 27
7 8 11 15 20 22 23 23 24 25 25
15 20 23 24 25 25 25 26 26 27 31
24 25 26 26 27 30 31 33 34 35 36
7 8 11 14 19 22 25 28 29 30 31
14 19 26 29 30 31 31 31 31 32 34
29 30 31 31 32 32 34 37 40 44 46
0 6 11 14 17 21 24 27 33 49 43
14 17 26 33 a1 43 43 44 44 45 46
33 41 44 44 45 45 46 46 | 46 51 57
0 3 11 14 17 19 21 26 31 421 50
14 17 24 31 41 46 50 51 52 53 53
31 41 51 52 53 53 53 53 54 54 60
0 0 7 14 16 19 20 24 29 40 |51
14 16 22 29 40 47 51 57 57 58 59
29 40 54 57 58 59 59 59 60 60 63
7 8 11 15 19 21 21 22 22 23 23
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22 23 54 24 26 28 29 30 31 32 33
7 8 10 13 19 22 25 28 29 30 31
13 19 26 29 30 31 31 31 31 32 34
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4 9 11 14 19 23 25 28 33 39 40
14 19 27 33 39 29 40 0 M a1 4
33 39 40 4 41 2 R 42 44 |49 |54
0 0 11 14 17 20 23 30 37 44 |52
14 17 27 37 44 48 52 55 56 | 57 57
37 44 54 56 57 57 57 58 58 62 |65
0 0 6 14 17 19 21 26 33 43 |52
14 17 23 33 43 47 52 58 63 64 65
33 43 56 63 64 64 65 65 65 66 66
0 0 0 9 18 19 21 24 281 40 50
9 18 22 28 40 45 50 59 69 73 74
28 40 55 69 73 74 74 75 75 76 |76
7 8 10 15 19 22 23 23 24 25 |25
15 19 23 24 25 25 25 26 26 271 |31
24 25 26 26 27 30 31 33 35 36 37
0 8 10 12 17 21 24 28 32 34 (34
12 17 26 32 (34 34 34 35, 35 36 36
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10-7 |32 34 35 35 36 36 36 38 42 47 51
Storage 20 | 10-5 |0 5 11 14 18 23 26 31 36 41 45
10-6 14 18 29 36 141 45 45 46 46 47 48
10-7 |36 41 46 46 47 48 48 48 51 54 58
Storage 21| 10-5 |0 0 8 14 17 19 21 26 32 40 51
10-6 14 17 23 32 40 46 51 56 57 58 59
10-7 |32 40 54 57 58 59 59 59 60 60 63

TABLE 17: SAFETY DISTANCES FOR SAMPLE HYDROGEN STORAGES

Based on the results of the risk assessment in Table 17, an overall concluding graph is made depicting the results
of the risk assessment (see Figure 10).

A general distinction should be made between low pressure (50, 80, 200 bar) and high pressure (500, 1000 bar)
storage. Low pressure storages are typically used as a dump storage or as an intermediate storage to facilitate
reaching high pressure hydrogen. Low pressure storage can at best be used as a facilitator for bunkering, whereas
high pressure storage is used to either start or complete the bunkering. Both low- and high-pressure storage are
typically available when bunkering is performed through fixed onshore equipment. It can however be that the low-
pressure storage is replaced by a hydrogen trailer.

For bunkering configurations that are based on fixed onshore equipment, the smallest safety distances are
generally speaking reached with small volume, hydrogen cylinders that are then multiplied to reach the
desired hydrogen storage capacity. Also, the hydrogen safety distances do increase the least with growing
numbers of cylinders used. Also, the lower the pressure, the lower the safety distances. This consideration is
especially relevant for the low-pressure storage as often 50, 80 or 200 bar storage can be chosen as dump storage.
It should be noted that the range between safety distances is quite wide. For example, a small bunkering station
with 500 kg low pressure hydrogen storage, the safety distances range between 6 and 33 meter, for a medium
bunkering station with 2000 kg of low pressure hydrogen storage, the safety distances range between 16 and 51
meter and for a large bunkering station with 10000 kg of low pressure hydrogen storage, the safety distances range
between 19 and 85 meter. As can be seen in the Figure 10, the safety distances hardly increase for the low pressure
hydrogen storage with the smallest safety distance (storage 3), as the range for the smallest bunkering station and
the largest is only 6 meter (13 meter for bunkering stations with 50 kg low pressure storage and 19 meter for
bunkering stations with 20000 kg of low pressure hydrogen storage. Hence, when low pressure hydrogen storage
is required, it is best to select low pressure, small volume cylinders as a dump storage as it provides the lowest
and least increasing safety distances.

For high pressure storages, similar conclusions can be derived. The smallest safety distances can be obtained using
low volume, hydrogen cylinders that are then multiplied to reach the desired hydrogen storage capacity. Here, the
distinction between pressures is not relevant as 500 bar storages are used to bunker at 350 bar and 1000 bar
storages are used to bunkering at 700 bar. So, the lowest safety distances for high pressure storages are
obtained when using small volume, high number high pressure hydrogen storage cylinders. A small bunkering
station with 500 kg, 500 bar high pressure hydrogen storage, the safety distances range between 22 and 37 meters,
and for 500 kg, 1000 bar high pressure hydrogen storage, the safety distances range between 24 and 36 meters. A
medium bunkering station with 2000 kg, 500 bar high pressure hydrogen storage, the safety distances range
between 23 and 52 meters, and for 2000 kg, 1000 bar high pressure hydrogen storage, the safety distances range
between 25 and 51 meters. A large bunkering station with 10000 kg, 500 bar high pressure hydrogen storage, the
safety distances range between 26 and 73 meters, and for 10000 kg, 1000 bar high pressure hydrogen storage, the
safety distances range between 27 and 58 meters.

So, the smallest safety distances can be reached when maximising stacked, small volume, low pressure
cylinder storage and minimizing small volume, high pressure cylinder storage.
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FIGURE 10: GRAPHICAL REPRESENTATION OF SAFETY DISTANCES FOR HYDROGEN STORAGES (50, 80, 200, 500,
1000 BAR, 24 H/D)
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3.1.6. Dispenser

A hydrogen dispenser is used to transfer hydrogen from the bunkering installation to the waterborne application.
The hydrogen dispenser sub-system, which includes typically components like a cabinet, metering device, piping,
breakaway, hose, nozzle, pressure relief device, communication interface etc. may include one or several types of
nozzles. For the risk assessment, the nozzle and the hoses are important. The current industry standard for refuelling
pressures is 350 and 700 bar. The maximum speed of hydrogen refuelling is currently 3,6 kg per minute (216 kg/h),
whereas refuelling hardware is being developed for hydrogen refuelling at 7,2 kg per minute (432 kg/h) for high-
capacity applications. To further increase the refuelling speed, several dispensers can be used simultaneously.

There is only a limited amount to suppliers of dispenser equipment. Most well-known suppliers are WEH, Tatsuno
and Staubli. Hoses have a typical length between 3 and 5 meters which is typically too short for bunkering purposes
of waterborne applications.

An overview of relevant hydrogen nozzles is shown in Figure 11.

Hydrogen nozzles

WEH TK17 350 bar (4 mm)?28

WEH TK125 350 bar (12 mm)?° WEH TK17 700 bar (4 mm)3°

27 https://www.weh.com/products/hydrogen-refueling-components/weh-fueling-nozzle-tk16-h-high-flow-for-
fast-filling-buses-and-trucks-self-service-35-mpa

28 https://www.weh.com/products/hydrogen-refueling-components/weh-fueling-nozzle-tk17-h-35-mpa-for-fast-
filling-of-cars-single-handed-operation-self-service

29 https://www.weh.com/products/hydrogen-refueling-components/weh-fueling-nozzle-tk25-h-35-mpa

30 https://www.weh.com/products/hydrogen-refueling-components/weh-fueling-nozzle-tk17-h-70-mpa-for-fast-
filling-cars-single-handed-operation-self-service
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FIGURE 11: EXAMPLES OF HYDROGEN NOZZLES

To determine the safety distance associated to hydrogen dispenser, the scenarios below are applied (see Table 18).
It is assumed that a hydrogen bunkering can take place within in 3h. As a hypothetical case, a bunkering procedure
of 24 h/d is which several waterborne applications per day are bunkered.

Configuration name

Onshore, fixed

Onshore, mobile

Offshore, mobile

Dispenser

Temporarily (3h/d)

Temporarily (3h/d)

Temporarily (3h/d)

Semi-permanent (24h/d)

Semi-permanent (24h/d)

Semi-permanent (24h/d)

TABLE 18: SCENARIOS APPLIED TO HYDROGEN DISPENSER

The M-Tech risk assessment tool includes different dispenser types as shown in the Table 19 below.

# bar mm kg/min
Dispenser 1 350 6 3,6
Dispenser 2 350 8 4,8
Dispenser 3 350 10 6,0
Dispenser 4 350 12 7.2
Dispenser 5 700 6 3,6
Dispenser 6 700 8 4,8
Dispenser 7 700 10 6,0
Dispenser 8 700 12 72

TABLE 19: SPECIFICATION OF SAMPLE HYDROGEN DISPENSERS

The M-Tech tool is being used to determine the safety distances for all dispenser types. The results are shown in
Table 20. As example, the safety distances are shown if up to 8 hydrogen dispensers are being applied for 3 hours
per day or 24 hours per day. The hydrogen dispensers differ in capacity; therefore, the yellow-coloured cells show
the smallest safety distance per kg of hydrogen dispensed. The yellow cells with the black borders provide the
smallest safety distance per kg of hydrogen dispensed for each pressure class (350 and 700 bar). The yellow cells
with a black border provide the overall smallest safety distance per kg of hydrogen dispensed.

Dispenser ::nke Duration bunkering: 3h/d Duration bunkering: 24h/d

# /y

Dispenser 1| 10-5 |3 |4 '8 10 10 10 |10 (10 |11 |12 |12 12 12 |12 |12
10-6 11 11 |12 (12 |12 |12 |12 |12 |12 |13 |14 [14 |14 |15 [15 |15
10-7 |13 |13 14 14 |15 |15 |15 |15 |15 |16 17 |17 |18 |18 |18 |18

Dispenser2| 10-5 |3 9 11 12 12 13 (13 |13 |13 |14 |15 17 18 |19 |20 |21
10-6 13 15 |16 |18 |19 20 21 21 21 24 (25 |26 26 (26 |27 27
10-7 |22 |25 126 26 |26 |27 |27 |27 |27 |28 28 |29 |30 |31 |31 |32

Dispenser 3| 10-5 |4 11 13 (14 (14 |15 |15 |15 |15 |17 19 |21 |23 |25 |26 |27
10-6 16 18 |21 |23 |25 26 |27 28 28 31 |32 |33 |33 |33 34 34
10-7 |29 (32 133 133 |33 |34 |34 34 [34 35 |37 39 |41 |42 |42 |43

Dispenser4| 10-5 |5 13 15 16 |16 |16 |17 |17 |17 |20 23 |26 |28 |30 |31 |33
10-6 |18 |21 |25 |28 |30 |32 |33 35 35 38 |39 40 41 41 42 42
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10-7 |36 39 (40 |41 42 |42 42 43 |43 |45 48 |51 |52 54 |54 |55
Dispenser 5| 10-5 |3 9 11 (12 12 (12 (13 13 |13 |14 15 |16 |17 |18 |19 |20
10-6 (13 |14 16 (17 (18 |19 20 (20 20 23 24 25 25 25 |26 26
10-7 |21 |24 |25 |25 25 |26 (26 (26 |26 |27 28 |28 |28 |29 |29 |30
Dispenser 6| 10-5 |4 12 |14 14 |15 |15 |16 |16 |16 |18 [20 |22 24 |26 |27 |28
10-6 (16 |19 22 |24 26 27 28 (29 (29 33 |34 34 34 35 35 35
10-7 |31 33 |34 |34 35 |35 |35 36 |36 |37 39 |42 |43 44 |45 |45
Dispenser 7| 10-5 |6 15 |16 17 (17 |18 |18 [18 |18 21 |25 |25 |31 |33 |34 36
10-6 (19 |23 28 |31 (33 35 36 |38 38 42 44 44 46 47 47 47
10-7 |39 43 |45 |46 47 |47 48 48 |48 |50 54 |56 |58 60 |61 |61
Dispenser 8| 10-5 |7 16 |18 |19 |19 |19 |20 (20 |20 |25 (30 |34 |37 40 |42 |43
10-6 (21 |27 33 |37 40 42 44 |45 45 51 |54 56 |57 |58 |59 60
10-7 |47 |53 |56 |57 59 |59 |60 61 |61 |66 68 |71 |73 |75 |76 |77

TABLE 20: SAFETY DISTANCES FOR SAMPLE HYDROGEN DISPENSERS

Based on the results of the risk assessment in Table 20, an overall concluding graph is made depicting the results
of the risk assessment (see Figure 12).

For hydrogen dispensers that are used 3 h/d, the safety distances for 350 bar dispensers are less than 700 bar
dispenser and the safety distances are increasing significantly when more dispensers are used, except for
the dispenser with the smallest internal diameter. The high-capacity dispensers are having the largest safety
distances but provide the smallest safety distance per kg of hydrogen dispensed. The most effective hydrogen
dispenser that provide the relative smallest safety distances per kg of hydrogen dispensed are the 350 bar
hydrogen dispensers. The safety distances are anywhere between 12 and 28 meters for up to 4, 350 bar dispenser,
whereas the safety distances are anywhere between 17 and 37 meters for up to 4, 700 bar hydrogen dispenser.

For hydrogen dispensers that are used 24 h/d (hypothetical case), the safety distances for 350 bar dispensers are
less than 700 bar dispenser and the safety distances are increasing significantly when more dispensers are used,
except for the dispenser with the smallest internal diameter. The high-capacity dispensers are having the highest
safety distances but provide the smallest safety per kg of hydrogen dispensed. The most effective hydrogen
dispenser that provide the relative smaller safety distances per kg of hydrogen dispensed are the 350 bar hydrogen
dispensers. The safety distances are anywhere between 14 and 40 meters for up to 4, 350 bar dispenser, whereas
the safety distances are anywhere between 25 and 56 meters for up to 4, 700 bar hydrogen dispenser. It is good to
remark that the safety distances do not increase substantially for the 350 bar dispenser with the smallest
diameter at all as the safety distance only increases with 4 meters between the most extreme cases (11 meters for
one 350 bar dispenser, used for 3 hours per day and 15 meters for eight 350 bar hydrogen dispenser used for 24
hours per day)

In conclusion, and similar to the conclusions drawn from the hydrogen trailer hose, the smallest safety distances
are reached for multiplications of the hydrogen dispensers with the smallest diameter in stead of a single
hydrogen dispenser with larger diameter for the same bunkering speed. It is, therefore, safety-distance-wise,
better to use several dispensers with the smallest diameter, than a dispenser with the highest diameter. For example,
to reach a refuelling speed of 7,2 kg/min, 1 dispenser with an internal diameter can be selected of 12 mm, or 2
dispensers of 6 mm. The difference in safety distances is significant: 11 meter (2x 350 bar, 6 mm, 3 h/d) vs 18 meter
(1x 350 bar, 12 mm, 3 h/d), 13 meter (2x 350 bar, 6 mm, 24 h/d) vs 38 meter (1x 350 bar, 12 mm, 24 h/d), 14 meters
(2x 700 bar, 6 mm, 3 h/d) vs 21 meter (1x 700 bar, 12 mm, 3 h/d) and 23 (2x 700 bar, 6 mm, 24 h/d) vs 45 meter (1x
700 bar, 12 mm, 24 h/d).
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Safety distances per type of Safety distances per type of
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FIGURE 12: GRAPHICAL REPRESENTATION OF SAFETY DISTANCES FOR HYDROGEN DISPENSERS (350 BAR, 700 BAR,
3 H/D AND 24 H/D)
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4. Safety distances for bunkering configurations

Based on the assessment of safety distances of the different components of a bunkering station, an overall
assessment of the best strategies to minimise the safety distances are provided to make bunkering stations as
compact as possible.

The risk assessment tool of M-Tech used to determine the safety distances for bunkering stations are only applicable
to 2 of the 3 bunkering configurations assessed.

The tool is well suited to determine safety distances for bunkering configuration using fixed, onshore equipment.
The only note that should be made is that the dispenser is typically longer (>5 meters) than the types applied in the
tool. The same is true for bunking configurations using mobile onshore equipment. Hoisting or lifting cannot be
assessed with the tool, but the implications for safety distances for bunkering directly through trailers is possible.
The tool is not suited to determine safety distances for bunkering configuration using mobile offshore equipment.

Several types of bunkering capacities are defined, and the smallest safety distance configurations determined:
e  Small capacity bunkering station: 500 kg/day
e  Medium capacity bunkering station: 2000 kg/day
e large capacity bunkering station 10.000 kg/day

The results of these bunkering stations are shown in the Table 21 and Table 22. The table shows in the blue section
the requirements for the different components selected and in yellow and green the associated safety distances per
component (bold, distance in meters) and the technology option selected (component number (#) and the number
of times that components was required). The final overview graphs for the onshore, fixed bunkering stations, are
shown in Figure 13 and Figure 14 and for onshore, mobile bunkering stations in

_ Best case (smallest safety distances) Worst case (largest safety distances)

Component Small Medium Large Small Medium Large

Trailer 500 kg/d 2000 kg/d 10000 kg/d 500 kg/d 2000 kg/d 10000 kg/d

Trailer hose # of trailers |# of trailers |# of trailers |# of trailers # of trailers # of trailers

Piping 5m 5m 5m - - -

Compressor 1x10ft/20ft | 1/2x40ft 5/8 x40ft - - -

Storage 1000 kg 5000 kg 20000 kg - - -

Dispenser 500 kg/d 2000 kg/d 10000 kg/d 500 kg/d 2000 kg/d 10000 kg/d

Bunker speed |1 kg/m 4,2 kg/m 21 kg/m 1 kg/m 4,2 kg/m 21 kg/m
Bunkering @ 350 bar (safety distance in meter, number of times component number)

Trailer 20 (#9) 21 (4x#9) 31 (8x#7) 34 (2x#3) 50 (6x#1) 40 (6x #12)
Trailer hose 14 (#1) 18 (4x#1) |20 (8x#1) |15 (1) 19 (6x#1) [l 29 (6x#5)
Piping 5 (#4) 7 @x#4) 10 @x#6) |5 (#4) 7 (4x #4) 11 (4x #10)
Compressor |0 (#1) 0 (Ix#4) 9 (5x#4) 0 (#1) 0 (1x #4) * -9 |
Piping 4 (#7) 5 (247) 10 (8#7 4 (#7) 5 (2#7) - -10 |
Storage 23 (#12) 24 (#12) 29 (#12) 40 #17) [BEde9 #17) * -29 |
Dispenser 12 (#1) 12 2x#1) 15 (6x#1) 12 (#1) 21(1x#2) [ERl 30 3x4) PN
Bunkering @ 700 bar (safety distance in meter, number of times component number)

Trailer 20 (#9) 21 (4x#9) 31 (8x#7) 34 (2x#3) 50 (6x#1) 40 (6x #12)
Trailer hose 14 (#1) 18 (4x#1) 20 (8x#1) 15 (2x #1) 19 (6x#1) I 29 (6x#5)
Piping 5 (#4) 7 @x#4) 10 (4x#6) 5 (#4) 7 (4x #4) 11 (4x #10)
Compressor 0 (#2) 7(Qx#4) 10 (8x#4) 0 (#2) 7 (2x #4) 9 4x#4) KIN
Piping 7 #11) 6 2x#11) 14 (Bx#11) |7 (#11) 6 (2x#11) 14 (8x#11)

Storage 25 (#18) 26 #18)  31(#18) 41200 [BIA57 #21) 59 (#21)
Dispenser 20 (#5) 23 (2x#5) 25 (6x #5) 20 (#5) 29 (1x#6) 54 3x#8) [

* not required due to 500 bar trailers
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TABLE 21: SAFETY DISTANCES FOR ONSHORE, FIXED BUNKERING CONFIGURATIONS

Minimum and maximum safety distances per component per station type
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FIGURE 13: GRAPHICAL REPRESENTATION OF SAFETY DISTANCES FOR ONSHORE, FIXED BUNKERING
CONFIGURATIONS (350 BAR)

Minimum and maximum safety distances per component per station type
(700 bar)
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FIGURE 14: GRAPHICAL REPRESENTATION OF SAFETY DISTANCES FOR ONSHORE, FIXED BUNKERING
CONFIGURATIONS (700 BAR)
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From the table and figures shown above, it can be concluded that for bunkering through onshore, fixed equipment,
the impact on safety distances lays mainly in the technology choice for hydrogen trailers, trailer hoses, hydrogen
storage and the dispenser. The smallest safety distances are obtained when selected small volume, high
number hydrogen cylinders at low pressures and small diameter, high number hoses and dispensers. A
selection of different components can result in safety distances that are 17 meters longer for the small station, 35
meters longer for the medium station and 24 meters longer for the large station, when bunkering at 350 bar. For
700 bar bunkering stations, similar conclusions are valid as the selection of different components can result in safety
distances that are 16 meters longer for the small station, 31 meters longer for the medium station and 29 meters
longer for the large station. An interesting case is valid for the large station as the switch from 200 bar to 500 bar
trailers results in larger safety distances for the trailer, trailer hose and piping, but reduced distances for compressor,
piping and storage as these are not required when hydrogen is supplied at 500 bar for 350 bar bunkering. For 700
bar bunkering, these components are always required, hence longer safety distances for all components.

Another interesting conclusion that can be drawn is that the growth of safety distances from small to medium
to large scale stations is relatively limited when selecting the components with the smallest safety distances.
The main contributors to the increased safety distances are hydrogen trailers (+11 meters), compressor (+9/10
meters), piping (+5/7 meters), trailer hose (+6 meters), dispenser (+3/5 meters). Therefore, when an upscaling
scenario is considered, it is worth to carefully consider a selection of components that enable the growth of such
station while having a limited impact on the safety distances.

The results for the onshore, mobile bunkering station using trailers are shown in Table 22 and Figure 15.

_ Be ase (smalle afety distance Worst case (largest safety distances) ‘

Component Small Medium Large Small Medium Large

Trailer 500 kg/d 2000 kg/d 110000 kg/d 500 kg/d 2000 kg/d 10000 kg/d

Trailer hose # of trailers | # of trailers |# of trailers |# of trailers # of trailers # of trailers

Piping = = = = = =

Compressor = = = = = =

Storage = = = = = =

Dispenser 500 kg/d 2000 kg/d 10000 kg/d 500 kg/d 2000 kg/d 10000 kg/d

Bunker speed |1 kg/m 4,2 kg/m 21 kg/m 1 kg/m 4,2 kg/m 21 kg/m
Bunkering @ 350 bar (safety distance in meter, number of times component number)

Trailer 22 (1x#11) 31 (x#13) 31 (8x#7) 25 (1x#12) [FERR40 2x#11) P40 6x #12) IFE
Trailer hose 14 (1x#5) 25 (2x#5) 20 (8x#1) 14 (1x#5) 34 (1x#6) X290 6x#5) IEER
Dispenser 11 (Ix#1) 13 x#1) 15 (6x #1) |11 (Ix#1) 21 (1x#2) W39 x4 YRR

TABLE 22: SAFETY DISTANCES FOR ONSHORE, MOBILE BUNKERING CONFIGURATIONS
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Minimum and maximum safety distances per component per station type
(350 bar)
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FIGURE 15: GRAPHICAL REPRESENTATION OF SAFETY DISTANCES FOR ONSHORE, MOBILE BUNKERING
CONFIGURATIONS (350 BAR)

From the table and figure shown above, it can be concluded that for bunkering through onshore, mobile equipment,
the impact on safety distances lays in the technology choice for hydrogen trailers, trailer hoses and the dispenser.
The smallest safety distances are obtained when selected small volume, high number hydrogen cylinders at
low pressures and small diameter, high number hoses and dispensers. A selection of different components can
result in safety distances that are 3 meters longer for the small station, 9 meters longer for the medium station and
24 meters longer for the large station, when bunkering at 350 bar.

A similar interesting conclusion that can be drawn is that the growth of safety distances from small to medium
to large scale stations is relatively limited when selecting the components with the smallest safety distances.
The main contributors to the increased safety distances are hydrogen trailers (+9 meters), trailer hose (+6 meters),
dispenser (+4 meters). Therefore, when an upscaling scenario is considered, it is worth to carefully consider a
selection of components that enable the growth of such station while having a limited impact on the safety
distances.
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5. Conclusions

As part of this output, a risk assessment has been performed using a publicly available tool that is applied to bunking
configurations using onshore fixed and mobile equipment It is shown in Chapter 4 that hydrogen trailers, trailer
hoses, hydrogen storage and hydrogen dispensers are the main components of a bunkering station that
contribute most to the safety distances. Hence the careful selection of technology options within these
components can have a significant impact in realising small safety distances. The most important conclusions that
can be drawn from the assessment are:

The smallest safety distances are obtained when selected small volume, high number hydrogen cylinders at
low pressures (trailer and storage) and small diameter, high number hoses and dispensers.

This is important as safety distances can be up to 30 meters longer when alternatives are applied. This is true for
350 and 700 bar refuelling and when using onshore, fixed or mobile equipment for bunkering.

The growth of safety distances from small to medium to large scale stations is relatively limited when
selecting the components with the smallest safety distances.

This conclusion is especially relevant for determining a growth strategy. When selecting the right components, a
relatively small increase in safety distances is obtained of 10 meters when growing from small to large stations.
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6. Reflection

It is also important to note that although a publicly accessible tool was used to determine safety distances, the
requirement during the permitting process should be followed for a specific country. For the moment, Belgium
requires the development of a safety study in which the risk assessment is a part of it, however, the risk assessment
cannot omit the study. In other countries, specific rules and tools must be followed to assess the risks. As also
highlighted, the tool is not suitable to assessment bunkering methods that rely on hoisting or lifting or ship-to-ship
bunkering. Dedicated assessments are required for those methods. Also, the aim of this assessment is not to focus
too much on the numbers despite that a lot of these appear. It is important the look at trends in component selection
choices that can reduce safety distances. Of course, this is not the only consideration when selecting components,
but it is worthwhile to note how such choices can impact the safety distances.
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