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Abstract

To reach the goals of the European Green Deal (CO, emission reduction of 55% by 2030 and climate neutral by
2050), North-Western Europe has to import sustainable energy as locally produced renewable energy will not
be sufficient to meet the total demand. This will be realised by importing green hydrogen from areas with a
surplus of renewable energy. If those areas are in another continent, the hydrogen is expected to be imported
by vessel and received and stored at a hydrogen import terminal. Since Gasunie has an LNG plant in the Port
of Rotterdam that becomes available within a few years, they want to investigate the possibilities to retrofit
this plant into a hydrogen import terminal.

This research has investigated if the current LNG-Peakshaver, owned by Gasunie, can be retrofitted to an
LH; import terminal. This import terminal will receive, store and process LHj to be delivered to the hydrogen
Backbone (future hydrogen grid in the Netherlands owned by Gasunie). The imported LH, will be received
from maritime vessels at conditions just above ambient pressure and below its boiling point (-253°C). It will
be stored in the retrofitted LNG storage tanks, and depending on the hydrogen demands of the grid, LH;
will be processed (regasified) to the requirements of the grid (5°C and 50 bar). This send-out process is very
similar to LNG and requires pumps, BOG compressors and evaporators as process equipment.

The differences in physical and chemical properties have been analysed to determine if retrofitting LNG
process equipment into LH; application is feasible. The three main property differences that most affect the
processes at the terminal are 1. the lower temperature (-253°C instead of -162°C), 2. the lower density and
3. the lower latent heat of vaporization of LH; as compared to LNG. In view of these differences, it has been
established that the reuse of the current LNG equipment is not possible. Even the pipes cannot be reused, as
the LH; pipes must be vacuum insulated to prevent liquid oxygen formation at the outside of these pipes.

Enhanced research has been carried out into the required process equipment. For the LH, pumps, cavi-
tation and the low pressure-head of the centrifugal pump are a problem. To overcome these, a special inducer
is used, and three HP pumps in series to reach the desired pressure of 50 bar. Regarding the hydrogen BOG
compressors, a vertical labyrinth (reciprocating) type is considered. However, manufacturers cannot yet de-
sign compressors that operate at temperatures as low as -250°C. For the evaporator, a Super-ORV design with
seawater as the heat source is considered the best option to evaporate the LH,. This design is an enhanced
ORYV that improves the heat transfer, which is desirable considering the lower temperatures of LH,.

Retrofitting the LNG tank is essential since it is the most expensive part of the plant. The current inner
tank material and insulation are not capable of handling LH;. Therefore, two solutions have been explored to
retrofit the storage tank. The more expensive solution -resulting in a lower BOR- is implementing a new vac-
uum insulated storage tank inside the existing concrete construction. The other option is to attach membrane
insulation panels at the inside of the current storage tank.

Simulations have been performed to analyse the desired terminal configuration with regard to energy
efficiency. The differences in configuration depend on the tank’s insulation method, BOG processing, and
cold exergy utilization. From these results, it is concluded that a compressor that can handle temperatures
as low as -250°C is essential for an LH, terminal as it dramatically improves energy efficiency. Considering
the terminal configuration, it is concluded that a membrane insulated tank combined with a recondenser to
process the BOG flow is the desired solution if the terminal has baseload send-out. However, when a low
minimum flow is required, a vacuum insulated tank in combination with “cold” BOG compressors is the best
solution. Both configurations have an energy efficiency loss for baseload send-out of 0,13% of the HHV. To
determine the feasibility of the terminal configuration, a further cost-efficiency evaluation is essential, next to
this energy efficiency analysis.

The overall conclusion is that for the storage tank, the most expensive part of the plant, potential solu-
tions to retrofit it exists. Especially the membrane insulation method is very promising and deserves more
in-depth research. However, reusing the LNG process equipment is not possible. The equipment for the
LH,; process is not yet commercially available except for the LH, pumps. Further research is recommended
because an LH; import terminal has many advantages over other hydrogen import terminals, namely a rela-
tively simple and flexible send-out process that requires little energy input.
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1 Introduction

The global energy market will change rapidly due to enhanced international environmental regulations.
These enhanced regulations are outlined in the Paris Agreement, which was adopted in December 2015. The
Netherlands joined this agreement and agreed to reduce the CO;-emissions by 40% in 2030, compared to the
CO;-emission levels of 1990 [1]. In addition, the EU recently presented the European Green Deal and plans to
reduce emissions by at least 55% by the end of 2030 [2]. The aim of the European Green Deal is to be the first
continent to be climate neutral in 2050 [3].

Regarding the recent developments in the transition to a carbon-neutral society, an important role is expected
from hydrogen as a clean and sustainable energy carrier [4]. The Dutch government recently conducted re-
search to determine the importance of hydrogen in the future [5]. This study showed that both the large
industrial clusters as well as the ports of the Netherlands consider green hydrogen as an essential part of
achieving the environmental goals of 2050. In industry, renewable hydrogen should replace fossil fuels in
processes where electrification is not a viable option [6].

In the ideal situation, the green hydrogen is produced with locally generated renewable electricity. In case
of the Netherlands, most of the green hydrogen will be produced with offshore wind energy [7]. However,
considering the massive demand for energy in industry, the Dutch produced green energy will not be suffi-
cient for the total hydrogen demands [7]. Furthermore, the production of green hydrogen in the Netherlands
is more expensive than in other parts of the world [8], [9]. This is not only the case for the Netherlands but for
all of North-Western Europe [8], [9]. So to reach the environmental goals, North-Western Europe, including
the Netherlands, has to import green hydrogen on a large-scale [8], [9], [10].

Currently, there are no large-scale green hydrogen production facilities; but it is a matter of time before these
facilities will be built [11]], [12]. The location of these facilities will be at places around the world where there
is a surplus of renewable energy, e.g. solar energy in Australia, the Middle East, North Africa, Latin America,
and Southern Europe [9]. Large-scale hydrogen transport to Europe is possible in two ways, either by pipeline
or ships [13]. The Dutch government expects hydrogen import from other continents will be done by large
maritime vessels [5]. This also offers the possibility to import hydrogen independently from other countries,
which is not the case when using pipelines. Furthermore, the Netherlands has the opportunity to operate as
the hydrogen hub for North-Western Europe, thanks to its favourable location, the ports and the extensive gas
network and storage capacity [5]. In order to enable the import of hydrogen with the use of maritime vessels,
a hydrogen receiving terminal is necessary.

1.1 Background - LH; import

For long-distance overseas transport, it is necessary to reduce volume by converting gaseous hydrogen into a
higher energy-dense state per unit volume [14]. Many different forms to store hydrogen at a higher energy-
dense state can be distinguished [15]. However, at the moment, three options are most promising for overseas
transport by maritime vessels. Those options are: liquification to liquid hydrogen (LH;), converting to (lig-
uid) ammonia (NH3) or Liquid Organic Hydrogen Carriers (LOHC) [6].

A worldwide transportation infrastructure exists for ammonia already, as ammonia is consumed in large
quantities by the fertiliser industry [16]. Therefore, it has a lot of potential in the early phase of large-scale
hydrogen transportation [16]. Furthermore, the storage conditions of liquid ammonia are near ambient con-
ditions; stored refrigerated at -33,3°C or in the pressurised case at around 9 bar [14], [17]. The disadvantage
of this option is that substantial energy is needed for converting ammonia back to hydrogen at the location of
the receiving terminal, i.e. in an area where energy cost are high.
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The advantage of a LOHC is that the hydrogen is stored in liquid form under atmospheric conditions, and no
CO;, is released when the hydrogen is released from the carrier [6]. Another benefit of most LOHCs is the fact
that it has similar properties as crude oil-based liquids, so existing infrastructure can be used for transporta-
tion and storage [18]. However, also this option requires high energy for conversion at the receiving terminal.

Transporting LH, has many similarities with LNG transport, which has already been proven as a good way
of importing gas [6]. However, due to the lower temperature and the ease of evaporation of LHj, the current
infrastructure cannot be used [6]], [19]. This is a disadvantage compared to the other hydrogen carriers. On
the other hand, a significant advantage of the option with LH; is that conversion to the higher energy-dense
state (liquefication) happens at the location of the hydrogen production — before transportation [20]. This
conversion energy will be sourced at the production location where a lot of green energy is available and at
low costs. This makes the LH; solution a very (cost) efficient one, even if the overall round-trip conversion
efficiency is not the highest. Figure 1| gives an overview of the conversion efficiencies to convert hydrogen to
the higher energy-dense state (hydrogen carrier) and vice versa.

Conversion efficiency

100%
99% 99%

80% 86% 80%
60% 64%

40%

20%

0%
(L)NH3 LOHC LH2

Conversion from H2 to higher energy-dense state H2 "carrier”

B Conversion from H2 "carrier" back to H2

Figure 1: The efficiency to convert hydrogen into a higher energy-dense state for overseas transport, and convert it back
to hydrogen gas. The conversion efficiencies are related to the HHV of hydrogen. [20], [21], [22], [23], [24], [25], [26]

In addition to the higher energy demands to recover hydrogen from NH; or LOHC, these processes are also
more complicated than for LH;. For the hydrogen retrieval process out of NH; or LOHC, a cracking or
dehydrogenation reaction is required [22]. Both are catalytic endothermic reactions, which require high tem-
peratures. After the decomposition reaction, hydrogen separation is necessary to generate pure hydrogen.
For the decomposition as well as for the separation reaction, a lot of research is still being done to improve
the efficiencies and scalability [16], [18].

For the LH, case, the processes at the import terminal site are comparable to an LNG import terminal [27].
The LH, terminal requires only LH, pumping and evaporation to deliver pure hydrogen to the grid. The
advantage of this send-out process over the other terminals is the ease with which the transmission speed can
be adjusted. Having a hydrogen terminal that can quickly scale up and down the output capacity is beneficial
as it provides flexibility. This is valuable for the hydrogen supply to the grid, for example, to absorb the
fluctuating hydrogen production from wind energy in the Netherlands.
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1.2 Background - Gasunie & LNG-Peakshaver

Gasunie is a European energy network operator that manages natural gas transport infrastructure in the
Netherlands and the Northern part of Germany. Gasunie’s network is one of the most extensive gas transport

high-pressure networks in Europe. It consists of more than 15,000 km of pipelines, dozens of installations, and
approximately 1,300 gas receiving stations. The annual throughput of gas is around 125 billion cubic meters
.

It is expected that natural gas throughput will decrease in the coming years, due to the energy transition as
well as the decommissioning of the Groningen gas field [29], [30].

The transition to renewable hydrogen significantly affects the existing energy infrastructure in the Nether-
lands [4], [31]. Therefore, Gasunie is developing a hydrogen gas grid in the Netherlands, which has recently
been supported by the Dutch government [32]. With this grid, called Hydrogen Backbone, Gasunie aims to
maintain its key position as an energy infrastructure company in the future [29].

The reduced throughput of natural gas is favourable for constructing the Hydrogen Backbone because many
existing natural gas pipes will become available for reuse. Gasunie estimates that approximately 90% of the
Hydrogen Backbone will consist of reused natural gas pipeline [29], making it relatively easy to deploy the
hydrogen network quickly at affordable costs.

Besides their gas transportation network, Gasunie also owns several installations. One of these is the LNG-
Peakshaver (LNG-PS), located at the Maasvlakte in the Port of Rotterdam (see figure IZ[) This plant converts
pipeline natural gas into LNG via its on-site purification, liquefaction, and storage facility. At periods of low
ambient temperatures and high natural gas off-take, the stored LNG can be pumped to high pipeline pressure,
evaporated and injected into the gas grid. Therefore, the Peakshaver is operational during winter, on days
when severe frost requires extra gas for domestic consumers. The LNG-PS has a storage capacity of 78 million
normal cubic meters of natural gas, and the maximum send-out capacity is equal to 1,3 million normal cubic
meters per hour [28].

Due to the reduction in natural gas supply, the function of the Peakshaver to act as a natural gas buffer for
domestic consumers is no longer needed in the near future. Meaning another purpose has to be determined
for this site in the Port of Rotterdam.
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Figure 2: Shows the ideal location of the LNG-PS and the future projects in the Port of Rotterdam regarding the hydrogen
economy [10].
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As shown in figure[2] the Peakshaver and its location provide various opportunities to play a role in the energy
transition. It can be a part of the Porthos project, for example, by liquefying the captured CO, or compress the
CO; to the offshore well. Another option is utilising offshore wind energy to produce hydrogen. However,
the most promising new function for the LNG-PS is a hydrogen import terminal. A preliminary investigation
has determined that two options are feasible for retrofitting the LNG-PS into a hydrogen import terminal,
namely an NHj3 or LH; terminal. Of these, LH; is considered the most promising, as the process philosophy
has many similarities with the current LNG installation, the energy demand for the conversion to hydrogen
is low and the system has high flexibility in scaling up and down the output.

For all of the above reasons, an LH, terminal as future utilization of the current LNG-Peakshaver is selected
to further investigate in this research.

1.3 Purpose of this research

The purpose of this research is to provide Gasunie with meaningful insights that can contribute to maintaining
its key position as an energy infrastructure company in the -fossil free- future. This investigation into the
conversion of the LNG-Peakshaver into an LH; terminal will do so by providing the following aspects:

1. Knowledge of the process and the design of LH, storage
Investigating an LH; import terminal is of great importance for Gasunie. As Gasunie is committed to
the hydrogen distribution grid in the Netherlands, it is necessary to acquire knowledge about hydrogen
import terminals in general. As there is no commercially operating LH, terminal yet anywhere in the
world, there is no blueprint available, but this research provides a comprehensive overview of existing
knowledge.

2. Knowledge needed to retrofit the Peakshaver as an LH, terminal
Acquiring knowledge about LH; processing and identifying the possibilities and barriers for converting
the LNG installation to an LH, terminal is regarded as valuable for Gasunie. This conversion allows
Gasunie to contribute to the energy transition.

3. It will provide a solution to fill the Hydrogen Backbone
Gasunie is investigating multiple routes to fill their Hydrogen Backbone. This research will investigate
the requirements for enabling the LH, terminal to supply the hydrogen to this grid.

4. Knowledge for the design of the Hydrogen Backbone
Understanding the process and equipment needed for an LH; terminal, can help make decisions con-
cerning the requirements of the hydrogen conditions in the Hydrogen Backbone grid.
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1.4 Research objective

The current utilisation of the LNG-Peakshaver, which has been in use since 1977, is no longer necessary in
the near future. However, given the location and the on-site process equipment, Gasunie wants to investigate
whether another function can be devised that contributes to the energy transition.

The assumption is that the current LNG storage tanks need to be retrofitted for LH; application, and the hy-
drogen will be supplied to the Hydrogen Backbone of Gasunie. Furthermore, it is assumed that the LNG-PS
has been decommissioned before being converted into a hydrogen terminal.

Based on this, the research objective is formulated as follows:

To determine how the current LNG-Peakshaver can be retrofitted to receive, store and process liquid hydrogen
in an energy-efficient way.

The research objective can be fulfilled by answering the following sub-questions:

1. What are the physical and chemical properties that influence the processes, and how do they vary be-
tween hydrogen and natural gas?

2. Under which conditions is the liquid hydrogen delivered (by the large-scale maritime LH; vessels) to
the proposed LH; terminal?

3. What are the process conditions for hydrogen in the hydrogen network?

4. Which factors impact the send-out capacity of the future LH; terminal, and how does this influence the
terminal’s design?

5. Can the LNG storage tank be retrofitted to store LHj, and if so, how can this be achieved?

6. What type of process equipment is suited to process LH;, considering the process conditions of the
terminal and can the current LNG equipment be reused for this?

7. What are the required para- and ortho-hydrogen conditions for the supply to the Hydrogen Backbone,
and how does this affect the processes at the terminal?

8. What is the potential of utilizing the thermal exergy during LH), regasification?

9. What are the possibilities for processing the LH, and related boil-off gas most efficiently, and what is
the total energy consumption?

1.5 Report outline

This research consists of thirteen chapters. In the first three chapters, the background of the project, the char-
acteristics of the existing LNG-Peakshaver and the basic differences between LNG and LH, properties are
reviewed.

In Chapter [ the basis of design for an LH; terminal is described, providing insight in the required input and
output conditions and different send-out scenario’s. Chapter [5|goes into the process of unloading LH, from
the transportation vessels, detailing the needed facilities (pipes, jetty) as well as the chemical aspects of the
process. The details of storing the LH, are reviewed in Chapter [6| which describes the required adaptations
to transform the terminal from storing LNG to LH,. Chapter [7]explores the process of pumping the LH; as
the first step in the send-out process.

Chapter[8|evaluates the topic of BOG processing, outlining how BOG gets formed and different alternatives to
process it. The final stage of the send-out process, the regasification, is then described in Chapter 9} including
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details of the para-ortho conversion during this process. Chapter|10|deals with the important topic of energy
(re-)utilization and how energy of the regasification process can be recovered.

In Chapter (11} the simulation model that has been used and the assumption for the modelling are detailed.
With the aid of this simulation model, the efficiency of the various terminal designs has been determined,
demonstrating which components have most impact and which bottlenecks need to be addressed. These as-
pects are described in Chapter [12|as well as the overall results of the research, describing how the research
objective has been met and answering the sub research questions.

This leads to the conclusions of the research which are given in Chapter Finally, Chapter |14 gives rec-
ommendations for follow up research needed to make the retrofitting of the LNG-Peakshaver into an LHj
terminal become a reality.



2 LNG-Peakshaver

In this chapter, the current situation of the LNG-Peakshaver, depicted in figure (3| is described. A general
overview of the processes at the plant, consisting of three sections, is provided.

e eyl ool R

Figure 3: Photo of the LNG-Peakshaver from above.

The LNG-PS is operational since 1977 at the Maasvlakte in the Port of Rotterdam (see figure ). The facility
stores natural gas in liquid form and can, after a period, re-emit it as gaseous natural gas. The processes that
take place at the Peakshaver can be sub-divided into three main functions.

* Natural Gas liquefaction: The plant is able to convert pipeline natural gas into LNG.
® Storage: At the plant LNG (methane) and liquid nitrogen is stored.

® Send-out process: Inject the stored substances back into the gas network by compressing, evaporating
and blending back to its requirements.

As the name suggests, this plant serves as a peak shaver and is intended to support gas transport in situations
with high gas demand. The demands are high during winter, on days when severe frost requires extra gas for
domestic consumers. Those domestic consumers are mainly located in the west of the Netherlands. Therefore,
the LNG-PS is located in the Port of Rotterdam, to handle the fluctuating gas demands in the west. The
LNG-PS has a storage capacity of 78 million normal cubic meters of natural gas, and the maximum send-out
capacity is equal to 1,3 million normal cubic meters per hour [33].
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Figure 4: Map of the Port of Rotterdam, with the location of the LNG-PS marked in red [34].

As mentioned above, the LNG-PS is located at the Maasvlakte in the Port of Rotterdam. This location in
the west was selected because it gave the opportunity to import LNG with maritime vessels. The figure
shows there is excess to the sea, however nowadays this is just a small dock mainly for safety purposes. The
neighbours of the Peakshaver are EMO and a coal power plant owned by Riverstone. EMO is one of the
largest dry bulk terminals in Europe, importing mainly iron ore and coal [35]]. The coal-fired power plant has
been operational since 2016, but the Dutch government is trying to shut it down to achieve the CO,-emission
goals.

H-gas

LIN ‘E— LIN
G- . . > >
gas Liguefaction Send-out

section section
— >

Figure 5: Global overview of the LNG-Peakshaver, with the three main process sections

The figure above gives a global overview of the three process sections of the LNG-PS. It can be seen that the
plant is connected to the H-gas (high calorific gas) and G-gas (Groningen-gas, which is consumed by house-
holds), which are two separated gas grids in the Netherlands [28]. Both gas streams can be liquefied and
stored on site. When liquefying G-gas, also liquid nitrogen is produced because G-gas contains relatively
much nitrogen. However, nowadays, mainly H-gas is utilized for the liquefaction process. For this reason ad-
ditional liquid nitrogen has to be supplied with tank-lorries. Since the LNG-PS acts a buffer for the domestic



consumers, the plant only delivers G-gas to the grid. The send-out is done by either mixing vaporized LNG
and LIN or by mixing H-gas directly with vaporized LIN to the specs of the G-gas.

In the next sections of this chapter, a general description is given about the three process sections of the LNG-
PS.



10 2.1 Liquefaction section

21 Liquefaction section

In the liquefaction section, pipeline natural gas is liquefied into LNG and also LIN, if the pipeline natural
gas contains nitrogen. The first step of this process is to purify the natural gas. Dryers remove the water
after which the gas passes through molecular sieves to remove CO,. Thereafter, the purified natural gas
stream is cooled down to -69°C. At that temperature, the higher hydrocarbons still present condense, which
can then be removed in the gas separator. The stream is then further cooled to -100°C, creating a mixture of
methane, nitrogen and some ethane. This mixture enters a double distillation column to separate the nitrogen
from methane and ethane. The obtained methane and some traces of ethane are cooled for the last time and
expanded to tank pressure. The LNG is stored at -163°C, which is below the boiling point of methane. The
separated nitrogen is liquefied in the same way as the LNG stream and stored at -196°C.

CO; adsorber
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Gas Grid LNG tank
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Figure 6: Process flow diagram of the liquefaction process at the LNG-PS site

The cooling process is done with a separate nitrogen refrigeration cycle. For this refrigeration cycle the stored
LIN or LIN boil-off gas is utilized as cooling liquid. This process is shown in simplified form in Appendix[A}
with the essential process components. The nitrogen is compressed first with a two-stage piston compressor
and with a two-stage centrifugal compressor. After that, the nitrogen is cooled with an intercooler and fed
to a booster compressor that is driven by an expansion turbine. The compressed nitrogen passes through the
second intercooler before it is available for cooling purposes. First compressed nitrogen is utilized for heat
transfer and after expansion the temperature of the nitrogen drops, allowing additional cooling.
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2.2 Storage section

In this section, the storage tank and how the boil-off gas is processed is described. Processing the BOG is
evaluated in this section because the boil-off gas is related to the storage tank.

The liquefied natural gas and nitrogen are stored on-site in storage tanks. For LNG storage two tanks are
utilized, each with a capacity of 57.250 m3. The LIN is stored in one tank with a capacity of 19.000 m3. Both
liquids must be stored at low temperatures due to the low boiling-points. The tanks are all insulated well to
keep the temperature in the tank low.

(a) Picture of the two LNG storage tanks (b) Picture of the LIN storage tank

Figure 7: The storage tanks at the Peakshaver site

The LIN storage tank, stores liquid N; at an overpressure of 40 mbar and -193°C. The boil-off rate per day is
equal to 0,065% of the tank capacity, which is similar as 335 m®/h. However, in this section, the LNG tanks
will be discussed in more detail because the LIN tank is not available for LH; storage in the near future.

LNG is stored in the two similar tanks at a pressure of approximately 40 mbarg and a temperature of -163°C.
It is a double-containment tank design, as the outer concrete construction is capable of containing the LNG in
case of product leakage [36]. The insulation measures to keep the temperature low are shown in figure[8| The
tanks are double-walled insulated. The inner tank, which is in contact with LNG, is made of a nickel-steel; the
outer tank is made of carbon steel. The space between the inner and outer tank is filled with perlite. Perlite
is a volcanic material, which has a lower thermal conductivity when the temperature decreases [37]. At the
bottom of the tank, a different insulation material than perlite is used to handle the bearing capacity, namely
a strong foam glass. Furthermore, the tank is not in direct contact with the ground to limit heat leakage.
Instead the storage tank is carried by 110 concrete pillars. On the roof of the inner tank, insulation blankets
are used. Nevertheless, there will always be some heat leakage, which results in the liquid to evaporate. This
evaporated gas must be removed from the tank to keep the pressure at the desired level, which is called boil-
off gag. The boil-off rate per day for the LNG tank is equal to 0,05% of the tank capacity, which is similar as
710 m” /h.
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Figure 8: Picture of the insulation technology of the LNG storage tanks at the LNG-PS [38].

bodem  “igolatie

The boil-off gas from the LNG tank is considered as pure methane because the boiling point of methane is
the lowest compared to the other substance that are stored, such as ethane. When the pressure in the tank is
above 40 mbar, the methane BOG compressors increase their capacity to remove the evaporated methane. The
first BOG compressors increased the pressure up to 12,95 bar, which is done with five two-stage reciprocating
compressors connected in parallel. For the nitrogen BOG compression, it is a similar process only the pressure
is increased till 15 bar. A more detailed description about these compressors can be found in Appendix[B]
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.
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Figure 9: Process flow diagram of the BOG process at the LNG-PS site

Thereafter, the compressed BOG passes through a pressure regulator before entering the blending station. If
the CHy BOG is over-compressed, the methane would be vented to the atmosphere as depicted in figure
The pressure regulator is required to properly mix the compressed nitrogen and methane to the specifications
of the G-gas grid. As is shown in figure[9} this pipeline ready G-gas can be fed directly into the low-pressure
grid (around 9 bar). Otherwise it goes through an extra compression section for the high-pressure G-gas grid.

The high-pressure BOG compressor compresses G-gas up to 80 bar to be capable of handling the flow two
compressors are parallel connected. The compressor is again a two-stage reciprocating compressor with in-
termittent cooling. More information regarding this compressor type can be found in Appendix [B}
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2.3 Send-out section

The processes required to feed the liquefied gases back into the gas grid, are the components that fall under
the send-out section. A global overview of the process steps is shown in figure

LNG
: Pump Reduction Evaporation
Tankssection section section section
Blending
section
Gt
Tank section Pun_flp Reduqion Evaporation
section section section
LIN

Figure 10: General overview of the send-out process at the LNG-PS

The first step of the send-out process, is pumping the liquid out of the storage tank. In case of the LIN, how-
ever, no pumping is required because there is an opening at the bottom of the LIN tank to take it out. As can
be seen in the figure [10} the LNG tanks do have pumps to get the LNG out of the tank. Each LNG tank has
four submerged pumps, which are called LNG-boosterpumps. Those pumps are centrifugal type of pumps,
each with a capacity of 240 m3/h (156.000 Nm3/h) and a head of 72 meter at 2900 rpm.

After that, the liquids are pumped up to higher pressures for the high-pressure grid application. The LNG
main pumps receive the liquid methane under low pressure from the low pressure boosterpumps. The main
pumps pressurize the liquid (up to approximately 90 bar) and transport it via the liquid reducer to the LNG
evaporators. They are centrifugal pumps and mounted in a barrel with a capacity of 325 m?/h (192.000
Nm?3/h). In total there are six main LNG pumps, three pumps for each tank. The pumps are fitted with a
vapour return line and a minimum flow line. The LIN pumps operate similar with a capacity of 115 m®/h
(71.900 m3/h) at a head of 80 bar. For the LIN pumping, four pumps are utilized.
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The liquid reduction section is added to control the pressure. Because the pumps deliver too high discharge
pressure at low flow for good controllability during the blending process. The liquid reduction system en-
sures a constant pressure difference of 7-10 bar over the mixing station.

Next is the evaporation section. The evaporators heat the LNG and LIN to 15°C so that the liquid change into
the vapour phase. Combustion heat vaporizers are used for the evaporation process of both liquids, with nat-
ural gas as the combustion gas. For the LNG and LIN evaporation process, ten and four evaporators placed
in parallel are used, respectively.

Finally, the last step before the gases can be supplied to the grid is the blending process. The evaporated LNG
and LIN are blend to meet the requirements of the G-gas grid. The Wobbe index for the supplied G-gas by
the Peakshaver is set at 44,0 MJ/Nm3. Besides mixing the evaporated LNG with nitrogen, is it also possible
to use H-gas directly from the grid and blend it with nitrogen for the send-out process.

When all pumps and vaporizers are operational, the total send-out capacity of G-gas is equal to 1,3 million
Nm?/h. In Appendix additional specifications regarding the main process components of the LNG-PS
(tank, compressors, pumps and evaporators) can be found.
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3 LNG-LH, differences

To determine the possibilities of retrofitting the LNG installation into an LH; terminal, it is necessary to point
out the differences between LNG and LH,. For this reason, the physical and chemical properties of LNG
and LHj, which influence the processes at the receiving terminal, are compared. In addition, a unique phe-
nomenon of hydrogen is discussed, the spin-isomers. Finally, the process conditions on both terminals are
evaluated to gain insight into the process equipment requirements.

3.1 The physical and chemical properties

In this section, the physical and chemical properties of LNG and LH; are compared. The properties that do
not influence the processes at the receiving terminal are not taken into account.

Table 1: Properties, * NTP (normal temperature and pressure) = 20°C and 1 atm [39], [19], [40], [41]

Properties LH, LNG Units
Molar mass 2,02 16,5 - 18,88 kg/kmol
Boiling point, @ 1 bar -253 -162 °C
Liquid density, @ 1 bar 70,8 430 - 470 kg/m®
Gas density, NTP 0,0838 0,70 - 0,79 kg/m>
Critical Temperature -240 -83 °C
Critical Pressure 1,28 4,60 MPa
Higher heating value, mass 141,9 55,2 M]/kg
Higher heating value, volume 10,05 23,6 MJ/L
Latent heat of vaporization, mass 444 510 kJ/kg
Latent heat of vaporization, volume 31,4 226 kJ/L
Flammable range in air 4-75 5-15 vol%
Flammable range in Oxygen 4-95 5-61 vol%
Minimum ignition energy 0,02 0,3 m]
Diffusion coefficient in air, NTP" 0,61 0,016 cm?/s

LNG is a natural gas fossil fuel mixture mainly consisting of methane and a few other organic compounds like
ethane. When importing LNG from overseas locations, the percentage of methane in LNG can vary between
85 and 99% [42], [43]. However, the LNG stored at the Peakshaver site, is natural gas from the Dutch grid that
has been liquefied on-site, as is described in chapter 2] Unlike imported LNG from overseas locations, the
LNG produced at the Peakshaver site always has a similar composition with high methane concentrations.
Furthermore, methane is considered as the second most important greenhouse gas [44].

The composition of liquid hydrogen consists of pure hydrogen molecules with a molecular weight of 2,02
kg/kmol. Hydrogen -in contrast to methane- is not considered as a direct greenhouse gas. However, hydrogen
can indirectly contribute to the formation of greenhouse gases in the atmosphere in three ways. Hydrogen
in the stratosphere produces water vapour which absorbs Infra-Red [45]. Secondly, hydrogen reacts with the
hydroxyl radical (OH) resulting in a decrease of the hydroxyl radical in the atmosphere [44]. The hydroxyl
radical is required to destruct Fluor and Chlorine containing greenhouse gases and methane [46]. For this
reason, a decrease in the hydroxyl radical in the atmosphere will lead to an increase in greenhouse gases
[44]. And lastly, hydrogen interferes with the ozone production cycle. However, this indirect production of
greenhouse gases due to hydrogen is much lower than when methane is being used. The global warming
potential (GWP) over a 100-year time horizon for hydrogen in comparison with methane is respectively 5,8
[44] and 34 [46].
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3.1.1 Temperature

Hydrogen and natural gas are gases when in atmospheric condition. By cooling the substance below the boil-
ing point, the substance becomes liquid. For hydrogen, this boiling point is extremely low, namely -253°C. In
the case of LNG, the temperature of the boiling point is at -162°C.

The first issue with the lower operating temperature of LHj is the formation of liquid oxygen. The formation
of liquid oxygen can occur when air comes into contact with a cold surface whose temperature is below the
boiling point of oxygen. Since the boiling point of oxygen is -183°C, this formation of liquid oxygen only
occurs at the LH, terminal. It will not happen at the LNG terminal because the operating temperature at the
LNG terminal will not reach temperatures below -162°C. Liquid oxygen is unwanted in processing hydrogen
because it improves the flammable limit as table[T|shows [47]. The formation of liquid oxygen can occur at the
outside of LH; pipelines, where the temperatures are below the boiling point of the oxygen. To prevent this
from happening, the pipelines have to be vacuum insulated, so the oxygen in the air cannot come in contact
with temperatures below -183°C. For pipelines that are not vacuum insulated but instead insulated with a
non-vacuums-jacket, like most LNG piping. In that case, the air can migrate through the insulation layer and
reach the outside of the piping with the risk of inflammation. For this reason, non-vacuum-jacketed insulation
should be oxygen-compatible [48].

The lower temperature of liquid hydrogen will also has a significant affect on the material selection, for all
process components.

3.1.2 Critical point

The critical point for a substance is the highest temperature and pressure at which the substance has a phase
change from liquid to vapour [49]. For pressures and temperatures above the critical point, the substance
becomes supercritical. A supercritical fluid behaves differently, so this value is important for the process
analysis of the LH, receiving terminal.

3.1.3 Density

The density of liquid hydrogen is six times smaller than LNG, as table [I| shows. In the gaseous phase, this
difference is almost eight times. With these values, it can be concluded that the expansion ratio from liquid to
gaseous hydrogen is nearly 850 and for LNG it is 650.

This lower density influences the energy density per unit volume, which is significantly lower for LH, than
LNG, as can be seen in table[l| The lower energy density results in a smaller amount of stored energy inside
the two storage tanks of the Peakshaver. Furthermore, processing hydrogen is also seen as more difficult due
to the lower density; for example, the work for compression will increase [23].

An advantage of the lower density of LH; is that the stored mass in the storage tank will be less than LNG.
Considering the LNG storage tanks at the LNG-PS having a capacity of 57.250 m?, the total stored weight for
the LNG and LH; case is respectively 26.000 ton and 4.050 ton. This provides opportunities to retrofit LNG
tanks for LH, application.

3.14 Energy

For a chemical substance like hydrogen and LNG, the chemical energy of the substance is expressed as the
heating value. The heating value of a substance is the amount of heat released during the combustion of
this substance [50]. This heating value can be distinguished in the lower heating value (LHV) and the higher
heating value (HHV). At the HHYV, the heat of vaporization of the water vapour is taken into account, which
is not the case for the LHV. In this report, the HHV is used because as hydrogen is considered as a feedstock,
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this is the general indication [51].

The heating value of liquid hydrogen per unit mass is more than two times higher than the heating value for
LNG, as table [I| shows. However, the heating value per unit volume of liquid hydrogen is lower than LNG
due to the lower density. Therefore, to store an equal amount of energy in a storage tank, the total volume of
the LH; tank must be 2,3 times larger. When looking at the current two LNG storage tanks at the LNG-PS, the
total amount of stored energy is equal to 2700 TJ. If these tanks are filled with LH, 1150 T] would be stored
(around 8.100 ton Hy).

Liquid hydrogen is used during transportation and storage because the energy density is much higher than
gaseous hydrogen. As pointed out above in section[3.1.3} the expansion ratio from liquid to gaseous hydrogen
is 850. For this reason, the liquid hydrogen energy density per unit volume is 850 times higher, which is
desired for storage and transportation with vessels.

3.1.5 Latent heat

For determining the insulation of the liquid hydrogen storage tank, the latent heat of vaporization is an im-
portant value [22]]. The latent heat of vaporization is the amount of energy absorbed by a substance during
the phase change from liquid to vapour that occurs at a constant temperature.

Table[1|shows that the latent heat of vaporization per unit volume for liquid hydrogen is significantly lower
than in the case of LNG, respectively 31,4 k] /L and 226 k] /L at the boiling point and ambient pressure. This
means that a heat leakage of 31,4 k] results in one litre of liquid hydrogen to evaporate. In comparison with
an LNG storage tank, the heat leakage can be seven times as large to generate a gas boil-off of one litre LNG.

3.1.6 Safety

For processing the liquid hydrogen at the receiving terminal, some safety aspects have to be taken into ac-
count. As table [1| shows, the flammability limits in air have a broader range for hydrogen, meaning the
chance of an explosion is larger. This broader range, in combination with the lower minimum ignition energy
of only 0,02 mJ, makes hydrogen a hazardous substance [41]. However, due to the higher diffusion coefficient
of hydrogen gas, the dispersion of hydrogen is larger. So with the correct control, it is a safe substance to
process [52]]. At the LH; terminal, nevertheless, also liquid hydrogen is processed. The LHj -in contrast to
gaseous H2- has a lower diffusion coefficient and will initially behave as a dense gas, meaning the dispersion
rate is lower [52]]. For this reason, processing LH; requires additional safety measurements.

For processing the liquid hydrogen in a safe manner, a different ATEX class is needed. This European classi-
fication is used for equipment and protective systems intended for use in potentially explosive atmospheres.
The ATEX class for hydrogen is set at IIC, which requires higher standards for the equipment than is the case
for LNG (the ATEX class for LNG being I). This higher standard is a result of the very low ignition energy of
hydrogen [53].

3.1.7 Joule-Thomson effect

Another phenomenon which is different for a hydrogen substance in comparison with an LNG substance, is
the Joule-Thomson effect [54]. The definition of the Joule-Thomson effect is “The change in temperature that
accompanies the expansion of gas without production of work or transfer of heat’ [55]. In other words, it is
the temperature change of a real gas or liquid when it is forced through a valve while keeping it insulated,
meaning no heat is transferred to the surrounding. In figure[11} the J-T inversion curve is shown for hydrogen
and for methane (LNG), where the differences between the Joule-Thomson coefficient (y;_1) is shown. The
curve shows a large operating window of the methane substance with a positive Joule-Thomson coefficient.
For the hydrogen substance, this operation window is significantly smaller. The positive J-T coefficient results
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in a temperature decrease on expansion. Therefore, the negative J-T coefficient will result in a temperature
increase on expansion, as is shown in equation I for the Joule-Thomson coefficient.

For the LH; terminal, the negative J-T coefficient as well as the positive J-T coefficient are taken into account.
For the liquid hydrogen and for the hydrogen gasses below 200 K the negative J-T coefficient applies. How-
ever, for the hydrogen gasses above 200 K the positive coefficient applies, so this also applies for the hydrogen
delivered to the hydrogen grid. Due to the pressure drop in the pipelines of the hydrogen grid and because of
this positive coefficient of the hydrogen, the temperature of the Hj rises in the pipelines [56]. For the natural
gas case the coefficient is negative, meaning the temperature decreases in the pipelines of the grid due to the
pressure drop. However, this temperature increase or decrease in the grid is relatively small and should not
cause any problem. For the hydrogen gas, the reducing pressure increases the temperature of the substance
with 0,035 °C/bar, whereas the temperature decreases for NG with 0,5 °C/bar [57].
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Figure 11: Joule-Thomson inversion curve for the methane and hydrogen substance [54].

3.2 Para- and Ortho-Hydrogen

At the liquid hydrogen receiving terminal, the liquid hydrogen has to be stored and evaporated. The para-
and ortho-hydrogen concentration could influence these processes. Therefore, an introduction on the spin
isomers of hydrogen is given in this section.

3.2.1 Spinisomers of hydrogen

Molecular hydrogen (Hj) consists of two hydrogen atoms, as figure [12| shows. These atoms can be related
in two ways, depending on the direction of the nuclear spins of its two protons [58]. These two types of
hydrogen spin isomers are called para-hydrogen and ortho-hydrogen. Para-hydrogen has a lower internal
energy and has a symmetric nuclear rotation and anti-symmetric nuclear spin. For ortho-hydrogen, it is the
other way round; it has a higher internal energy and the nuclear rotation is anti-symmetric whilst the nuclear
spin is symmetric [59].
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Figure 12: Spin isomers of hydrogen

The equilibrium composition of para- and ortho-hydrogen depends on the temperature as is shown in fig-
ure At room temperature and temperatures above, the equilibrium composition consists of 25% para-
hydrogen and 75% ortho-hydrogen [60]. This composition, with a concentration of 75% of the higher internal
energy component, is called "normal" hydrogen [61]].

The percentage of the concentration para-hydrogen increases when the temperature decreases, which means
that the equilibrium composition moves toward the lower energy form. For liquid hydrogen, when the tem-
perature is very low (-253°C), the concentration of para-hydrogen is at its highest with 99,8% para-hydrogen
and only 0,2% ortho-hydrogen [62].

The difference in concentration of "normal" and liquid hydrogen could potentially also influence the heating
value of the substance. Knowing that LH, consist mainly of the lower energy state isomer, this would lead to
a smaller heating value in comparison to the "normal" hydrogen. However, considering that the enthalpy of
conversion is the difference in heating value, the real difference for the heating value in comparison with the
HHYV is minimal. Since the total enthalpy of conversion is 523 kJ /kg [63] and the HHV of hydrogen is 141,9
M]/kg, it results in a difference of only 0,37% of the HHV.
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Figure 13: Equilibrium curve of ortho-hydrogen [60]
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3.2.2 Influence of spin-isomer conversion on processes

During the liquefaction process, the equilibrium composition of the spin isomers changes, as is shown in fig-
ure For this reason, ortho- to para-hydrogen conversion has to take place during liquefaction. In case
of the vaporization process from liquid to gaseous hydrogen, para- to ortho- conversion occurs. However,
without the use of a catalyst in both processes, the conversions take several days [59], meaning the conversion
takes place after the process.

For the liquefaction process, ortho- to para-hydrogen conversion is needed. This conversion from the higher
internal energy state (ortho) to the lower (para) is an exothermic reaction, resulting in heat release. The heat
released during this conversion is equal to the enthalpy of conversion. In the literature multiple different
values can be found ranging from 523 kJ/kg till 702 kJ/kg [62], [63], [64]. In this report, the enthalpy of
conversion from "normal” hydrogen to the equilibrium composition of liquid hydrogen is equal to 523 kJ /kg
[63]. Since the conversion takes several days, most of the exothermic conversion will happen when hydrogen
is in the liquid phase [65]. The heat released during this conversion is enough to vaporize 65% of the liquid
hydrogen [59]. For the reason to keep the boil-off losses low when storing liquid hydrogen, a catalyst has
to be added in the liquefaction process to speed up the conversion from ortho to para. So the exothermic
conversion takes place during the liquefaction process and not in the LHj storage tank. This exothermic ortho
to para conversion requires 16% of the total minimum liquefaction work at room temperature and ambient
pressure (3,90 kWh/kg) [66].

At the LH; receiving terminal, a regasification process is employed to convert liquid hydrogen to gaseous hy-
drogen. During the regasification process, the para and ortho equilibrium composition is changed back to the
“normal” hydrogen state with 75% ortho-hydrogen, as is illustrated in figure[I3] The para to ortho conversion
is the opposite conversion mentioned during liquefaction and therefore is an endothermic reaction. This con-
version process absorbs heat from the environment, which is equal to the enthalpy of conversion 523 k] /kg
[63]. Again, the conversion can take several days before the equilibrium composition of “normal” hydrogen is
reached [65]. It results in the fact that most of the endothermic conversion is happening after the regasification
process. In that case, the LH; terminal will supply hydrogen with a large concentration of para-hydrogen to
the grid. There are two potential side-effects of delivering para-hydrogen to the grid, namely:

1. The temperature of the hydrogen gas in the grid can potentially drop below 0°C. As the endothermic
conversion absorbs heat from the surrounding, the temperature of the hydrogen gas will decrease.

2. The supplied energy content to the hydrogen grid is slightly lower. This is because the energy state of
the para-hydrogen is lower than that of the ortho-hydrogen. As mentioned in the previous section, the
maximum difference is 0,37% of the HHV of hydrogen.

However, a catalyst can be added to the regasification process so that most of the conversion takes place in the
heat exchanger. The catalyst is preferably a metal oxide catalyst, e.g., Fe;O3, Ni/SiO,, or Ru/Al,O3, especially
iron oxide [67]. If the catalyst is added, the evaporation will consume more energy because the endothermic
conversion reaction is added to the process. But when no catalyst is added during the evaporation process,
it is realistic to ignore the conversion reaction because it is so slow [61]. These potential side-effects are dis-
cussed in more detail in section[0.21

3.2.3 Composition of the spin-isomers at the LH; terminal

Defining the composition of the spin isomers of the hydrogen at the terminal is of interest for the processes.
For example, suppose the para concentration of the LH, is lower than the equilibrium composition for the
liquid phase (as explained above, this is 99,8%). In that case, it will influence the boil-off rate, resulting in
more unwanted boil-off gas at the terminal. Furthermore, the required composition of the grid can have an
effect on the evaporation process.
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The LH;, which is handled at the terminal, is delivered by maritime tankers. Due to this fact, assumptions
can be made on the composition of the spin isomers. During the liquefaction process, a catalyst is used to
convert as much ortho- to para-hydrogen [59]. After this liquefaction process, the LH; has to be shipped to
the Port of Rotterdam, which takes several days. In the course of these days, further conversion into the lower
energy state of the spin isomer will take place [62]. Therefore after this transport, it can be assumed that the
equilibrium composition of the delivered liquid hydrogen, has a para-hydrogen concentration of at least 98%
[62]]. Hence, for the liquid hydrogen stored at the terminal, there will be no additional boil-off gas losses due
to heat release during the exothermic conversion reaction, as can be seen in figure [14{[62].
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Figure 14: Heat generated by initial ortho concentration [62]

The para-hydrogen concentration of the liquid H; at the terminal is assumed to be at least 98%. However,
the para-hydrogen concentration of the H, in the grid has a concentration of 25% as can be concluded from
figure |13} which is called “normal” hydrogen. During the evaporation process, the conversion from liquid
hydrogen to “normal” hydrogen does not occur without adding a catalyst [61]. If no catalyst is added, the
higher concentration of para-hydrogen supplied to the grid has a negative effect on both the temperature and
the energy content of the hydrogen gas. However, adding a catalyst has also side effects, namely the energy
consumption and the complexity of the regasification process increases. Currently, no requirements are set for
the composition of the hydrogen spin isomers in the grid. So a trade-off has to be made if adding a catalyst to
the regasification process is desired for the LH, terminal. This trade-off is carried out in section[9.2]
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3.3 Process conditions at an LNG and LH, terminal

In addition to the differences in properties, it is important to gain insight into the processes at an LH, import
terminal and to what extent it differs from an LNG terminal. Therefore, the send-out process of the terminal
is briefly explained. Also, the process conditions of an LNG and LH; terminal have been compared. In order
to do this, general assumptions have been made for such an import terminal.
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Figure 15: Schematic overview of the send-out processes of the liquid hydrogen terminal

A general overview of how the cryogenic liquid (LH; or LNG) is processed at an import terminal, assuming
it supplies to the gas grid, is shown in figure (15| The cryogenic liquid is stored in a tank below their boiling
point, for LNG and LHj respectively -162°C and -253°C. Depending on the demands of the grid, the cryogenic
liquid is processed to meet the requirements of the grid. This is achieved by pumping and evaporating the
liquid to the desired pressure and temperature of the grid. This process is shown with stream “a” in figure
In addition to the liquid stream process, both terminals also have to deal with the boil-off gas of the stored
cryogenic liquid. There are multiple ways to process the BOG flow, which will be discussed later on, but in
this case, compression is considered, as can be seen in figure

In order to properly analyse the process equipment requirements of an LH, terminal, it is important to know
the conditions of the different phases of the send-out process. To give this first impression, the general con-
figuration of the terminal has been considered, as shown in figure It is assumed that the pumps and
compressors have an isentropic efficiency of 75%, and mechanical losses are neglected. Furthermore, the grid
requirements are considered at 50 bar and 5°C.

Table 2: Estimated temperature and pressure conditions for the liquid stream of the LNG- and LHj-terminal, with the
numbers of the streams similar to the numbers in figure[15] Considering 75% isentropic efficiency for both pumps and

COMPpIressors.
Stream ‘a’, liquid stream
LNG LH,
Stream | P[bar] | T[°C] | p [kg/m3] E[MJ/L] || P[bar] | T[°C] | p [kg/m3] E[MJ/L]
1 1,04 -162 423,11 23,36 1,04 -253 71,11 10,09
2a 5 -161,81 423,20 23,36 5 -252,62 71,20 10,10
3a 50 -158,61 424,18 23,41 50 -248,33 72,12 10,23
4a 50 5 38,91 2,15 50 5 4,23 0,60
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Table 3: Estimated temperature and pressure conditions for the BOG stream of the LNG- and LHj,-terminal, with the
numbers of the streams similar to the numbers in figure Considering 75% isentropic efficiency for both pumps and

COMPIessors.
Stream 'b’, BOG stream
NG BOG H, BOG
Stream | P[bar] | T[°C] | p [kg/m3] E[MJ/L] || P[bar] | T[°C] | p [kg/m3] E [M]J/L]
1 1,04 -162 423,11 23,36 1,04 -253 71,11 10,09
2b 1,04 -161,17 1,86 0,10 1,04 -252,69 1,36 0,19
3b 50 75,89 28,84 1,59 50 -157,90 10,30 1,46
4b - - - - 50 5 4,23 0,60

The conditions for the various stages of the send-out process are presented in the two tables above. Besides
the pressure, also the temperature, density and energy density are depicted. These values are presented be-
cause they differ significantly for the LNG and LH; case and thereby have a large impact on the processes
of the terminal. It can be seen that the temperatures of the hydrogen terminal are significantly lower than
in the LNG case. A noticeable difference is the lower temperature of the hydrogen BOG after compression
(stream 3b), which remains well below 0°C. Therefore, an additional heat exchanger is required to process the
hydrogen BOG, which is not needed for the LNG terminal, as is shown in table 3| Furthermore, these lower
temperatures will have a considerable influence on material selection.

The density of LH;, as mentioned earlier, is significantly lower compared to LNG, as can be seen in tables
and 3| Due to the lower density, the power requirement for pumping and compression will be considerably
more significant [68]]. Furthermore, this will probably also influence the design of this equipment. Another
affect of the lower density is the lower energy density per unit volume, as is shown in the two tables above.
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4 Basis of design

It is essential to clarify the basis of design in order to design a suitable LH; import terminal. The basis of
design is the input and output conditions of the proposed hydrogen terminal. Furthermore, the desired send-
out capacity of the terminal is also considered as the basis of design. The input condition for the receiving
terminal is the condition of the liquid hydrogen delivered by the ships. For the output condition, the hydrogen
gas needs to meet the requirements of the hydrogen grid. Finally, a desired send-out scenario of the terminal
has been analysed to determine the send-out rate of the terminal. These values are crucial to select proper
process equipment and define possible LH; processing solutions.

4.1 Input conditions

As stated before, it is assumed that hydrogen will be delivered in the liquid phase at the terminal by liquid
hydrogen bulk tankers. In this section, the storage conditions of the LH; ships will be analysed to determine
the hydrogen input condition at the proposed LH; terminal.

To determine the LH; conditions of the maritime vessels, the state of the art of large-scale LHj ships have been
considered. At the time of writing, however, there is no commercial hydrogen shipping yet. Although NASA
has transported liquid hydrogen on a barge carrier [69], [70], and KHI recently transports LH; from Australia
to Japan for a pilot study of the HySTRA project [71]], it has not been applied to commercial shipping. And
more importantly, no international regulations are set for maritime transportation of hydrogen. The Interna-
tional Gas Carrier Code (IGC Code) lacks specific requirements for hydrogen transport [27]. For this reason,
the storage conditions of the LH; on board of the ships have to be determined from prototypes. Moreover,
the knowledge of the existing LNG ships is also used to analyse the LH; conditions, as it has many similarities.

The Euro-Quebec project introduced the liquid hydrogen shipping concept. The barge-mounted tanker used
type-C tanks with a capacity of 14.500 m? [72]. Another design dating from the same period was the SWATH
(small water-plane area twin hull), which also has type-C tanks and a total liquid hydrogen capacity of 12.500
m? [73]. For the WE-NET program, Japanese researchers proposed a large-scale liquid hydrogen tanker based
on LNG tanker technologies. The cargo capacity was designed at 200.000 m?, and type-B tanks were used.
The type-B tanks, unlike the type-C, cannot build up pressure during transport, so the boil-off gas cannot be
kept in the storage tank. The ship was designed to utilise the boil-off gas for propulsion in the same way as
an LNG tanker [74]. Moss Maritime is developing an LH, bunker vessel concept with two type-C tanks with
a total capacity of 9.000 m3 [75].

Figure 16: Large-scale LH; tanker design, [66]

Kawasaki Heavy Industries (KHI) made the most promising designs, both for small- and large-scale LH,
ships. As mentioned above, their small-scale tanker is already operational since March 2021 for the pilot case
of the HySTRA project [71]]. This small-scale liquid hydrogen tanker called The Suiso Frontier has one type-C
tank with a capacity of 1.250 m? [76]. However, the HySTRA pilot project is not commercial yet. It wants
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to operate on a commercial-scale with two large-scale LH, tankers by 2030. The large-scale LH; ship will
have four type-B tanks with a total capacity of 160.000 m?, as illustrated in figure|16| The boil-off gas for the
large-scale carrier will be used as propulsion fuel [66].

For the LH; terminal, large-scale tankers are expected to arrive at the terminal. When looking at large-scale
LNG vessels, the LNG is stored in either type-A or type-B tanks [77]. Both tanks are non-pressurised, meaning
the LNG is stored at or near ambient pressure [78]. This is similar to the proposed large-scale LH, vessel of
Kawasaki and WE-NET [66]], [74]. For this reason, it is assumed that the LH, will be delivered at conditions
just above ambient pressure and below its boiling point. An overview of the LH; input conditions can be
found in table

Table 4: Input conditions for the liquid hydrogen terminal

Properties LH, Units
Pressure 1,2 bar
Temperature -253 °C
Para concentration >98 %
Hydrogen purity 99,995 %

4.2 Output conditions

The received hydrogen at the import terminal is assumed to be delivered to the hydrogen grid, meaning the
output conditions of the terminal have to match the requirements of the grid. Although it is possible that in
the future, several different hydrogen grids will run side by side in the Port of Rotterdam, for this study, it is
assumed that the hydrogen will be fed to the Hydrogen Backbone [6]. Besides the apparent reason Gasunie
will implement the Backbone, another benefit of utilising the Backbone is that it will be the largest hydrogen
grid in the Netherlands [79].

The Hydrogen Backbone is not only focussing on the energy cluster of the Port of Rotterdam. It will be a
hydrogen supply network for the entire country, connecting the five big energy clusters of the Netherlands,
as shown in figure (17| The Hydrogen Backbone will also be connected to Germany and Belgium, which could
be in favour of the hydrogen distribution of the hydrogen terminal [79]. The construction of the Backbone is
relatively simple because the grid will mainly consist of reused LNG pipelines.

Possible H,-transport grid
based on existing gas pipelines

® industry cluster (i) ®

( K Hydrogen storage Hamburg

— O Rubhr area

®

Antwerp

®

Figure 17: Hydrogen Backbone concept by Gasunie [80]



26 4.2 Output conditions

Gasunie presented recently, in October 2020, a market consultation for the Hydrogen Backbone, which is done
to determine the conditions of the grid [33]. This presentation emerged that the grid’s pressure regime has
already been defined; however, the hydrogen quality specifications have not yet been determined. For the
LH, terminal, this will be less of a factor, assuming that the LH; will be very pure.

Gasunie has done a study to define the ideal system pressure regime for the Backbone. The pressure regime
has to be suitable for producers, transportation, and customers. Based on this study, Gasunie has determined
that the desired pressure of the grid changes over time [33]. In the first phase, a low-pressure regime between
10-30 bar will be implemented. This is the development phase and will consist mainly of regional ribs. In the
second phase, when the hydrogen Backbone is operational, the optimal pressure regime is defined at 30-50
bar. The higher pressure regime is sufficient for hydrogen customers and will enable Gasunie to reach the
desired transport capacity.

Regarding the hydrogen quality specification of the Backbone, Gasunie has still to determine the best possible
conditions for all parties involved. The market consultation is carried out to determine this question about
the ideal quality specification [33]. Hydrogen purity of 100% is not feasible because the gas can be contami-
nated during transmission [81]], and also due to separation limitation during production. To determine what
specification below 100% is the ideal solution, Gasunie defined three different purity cases for the market
consultation. The hydrogen purity for those three cases are respectively; 98,0; 99,0 and 99,5% [33]. Since these
purity conditions are all below the assumed hydrogen concentration at the terminal, the purity requirements
will not form a constrain for the LH, terminal.

The temperature of gasses in underground pipelines have to be above 0°C because of safety regulations [57].
However, too high temperatures are also not desired. Therefore Gasunie has defined a range for the hydrogen
temperature in the Backbone, namely between 5 to 50°C [33], [82].

Concluding, the conditions for the output conditions of the terminal for this research are as followed. The send
out pressure is determined at 50 bar because, in this way, the terminal is able to reach the desired pressure in
the future. The third case for the hydrogen quality specification is selected, which has the highest hydrogen
purity, 99,5% [33]. However, as mentioned before, for the LH, terminal, this will not be a constrain. The
hydrogen temperature regime of the grid is defined between 5-50°C. An overview of the output conditions is
given in table

Table 5: Output conditions for the liquid hydrogen terminal, supplied to the Hydrogen Backbone

Properties LH, Units
Pressure 50 bar
Temperature 5-50 °C
Hydrogen purity 99,5 %

This section does not take into account the limitations for the para-ortho hydrogen concentration, as there
are no requirements for the hydrogen backbone yet. However, it is essential to determine this factor, as a
higher concentration of para-hydrogen could influence the temperature as well as the HHV of the supplied
hydrogen. Furthermore, a catalytic reactor must be added for the isomeric conversion to take place during the
regasification process. In section[9.2} a detailed evaluation has been carried out to determine if para to ortho
conversion is desired during regasification.
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4.3 Send-out scenario

In addition to the input and output conditions, it is desirable to have realistic send-out scenarios of the ter-
minal in order to obtain the most accurate results possible. This is important because the scenario defines the
desired send-out rate (minimum and maximum flow) of the terminal and, therefore, significantly influences
the regasification installation.

The desired send-out scenario of the proposed LH; terminal is influenced by various factors, such as the LH,
import strategy and the terminal’s storage capacity. Furthermore, the function(s) of the terminal also affect the
scenario. So to determine the send-out scenario, the factors influencing it have been evaluated. Thereafter, the
possible scenarios are determined. Finally, the send-out scenario is selected, which has been used throughout
this report.

4.3.1 Factors influencing the send-out scenario

LH; import

The liquid hydrogen import strategy of the terminal has an influence on the send-out scenario as well as on
the desired storage capacity of the terminal. Considering LNG terminals, two different types of import strate-
gies can be distinguished [83]]. The first strategy is a supply contract between the producers (LNG source) and
consumers (LNG terminal). This is also known as "dedicated supply"”, as the frequency, price and the supplied
amount are stated in the agreement. The other option is a flexible import strategy, which is mainly driven by
the LNG price. In the Netherlands, this type of strategy is used by Gate Terminal because different natural
gas supply chains are available [84]. In case the price of LNG is high, natural gas can also be imported from
other locations via pipelines. Therefore, a flexible import strategy is currently best suited for LNG import in
the Netherlands.

It is difficult to predict what the market for green hydrogen will look like, but for this study it is assumed that
the LH; supply will be contractually bound, i.e. a dedicated supply strategy. This assumption can be made
because if this LH; terminal is built, it will be one of the first in the world. With this pioneering function,
dedicated supply is evident because the whole LH; supply chain still needs to be built and requires a contract
of guaranteed use and hydrogen offtake. Vice versa, this also applies to the import terminal [82].

Now that the import strategy has been selected, the next step is to determine the delivery time as it is an
essential value for the send-out scenario. The delivery time depends on the location where the green hydrogen
is produced and the amount of LH; ships dedicated to delivering to the import terminal. The green hydrogen
will be imported from areas with a surplus of green energy, like North Africa, the Middle East and closer:
Portugal [5]]. The shipping times are determined with data from MarineTraffic and Maersk; in addition, the
loading and unloading time of the ship is assumed to be one day [85], [86]. The shipping times are presented
in the table and graph below, which are respectively 4, 5, 9, 11 and 23 days.

Shipping time
Portugal _
N-Africa [ ENRNRED
Portugal 10 days 9 days 4 days Middle-East _
N-Africa 12 days 11 days 5 days 0 5 10 15 20 25
Middle-East 24 days 23 days 11 days WSailing to H2 B LH2 Loading M Saiing to import terminal & LH2 unloading
(a) Table of the shipping time (b) Graph of the shipping time

Figure 18: Shipping time of the various scenarios
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Storage capacity
Two LNG storage tanks are available for conversion to LH; storage, both with a capacity of 57.250 mS.
Retrofitting for LH; usage will be a significant investment, so converting just one tank is also an option.

For design purposes, it is assumed that the retrofitted tank has a storage capacity of 50.000 m?. In this way,
possible capacity losses of storage volume due to enhanced insulation are taken into account, and the fact that
not all stored LH, can be pumped out of the tank due to the NPSHy, of the pump [87].

Send-out functions

Considering the LH; terminal is connected to the hydrogen grid, two possible send-out functions are possible
for the terminal. One function is a baseload supply; the other is called the Peakshaver function. A combina-
tion of both functions is also an option.

With the baseload function, hydrogen is supplied to the grid with a constant send-out volume every hour of
the day. This baseload is purchased by companies in the industry that have a continuous hydrogen demand.

Figure 19: Baseload send-out function.

With the Peakshaver function, the terminal does not deliver a constant volume but an output capacity that
can be quickly scaled up and down. In this way, the terminal provides one-sided flexibility to the grid, which
means it can supply hydrogen to the grid when required. Offering flexibility is valuable for the hydrogen
grid, for example, to absorb the fluctuating hydrogen production from wind energy in the Netherlands. This
function is well suited for the LH, terminal because the regasification process can be easily adjusted enabling
fast ramping up and down of the send-out capacity. This process takes more time and is complicated for
hydrogen recovery from other H; carriers (e.g. NH3 and LOHC) and blue hydrogen production [88], [89].

The fluctuating hydrogen production from wind energy can be compensated in various ways. One option is
that the terminal is responsible for absorbing all fluctuations due to decreasing wind energy. In this case, a
considerable storage capacity is required because it frequently happens that there is little wind for longer peri-
ods [90]. As a result, the terminal’s storage capacity must be sufficient to guarantee the ability to cover the low
hydrogen production of wind energy for days on end. However, if it is windy for a while, the terminal does
not have to supply hydrogen to the grid, meaning the tanks remain full. This poses a problem for the LH,
import because, as described earlier, it is assumed that the LH; import will happen via a dedicated supply
chain. So, when in windy periods the terminal has not transmitted hydrogen to the grid for a while, the LH,
production facility and the ship cannot dispose of the LH,. For these reasons and after further evaluation,
it has been determined that covering all fluctuations due to wind energy is not suited for the proposed LH,
terminal in this research.
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(a) Total Peakshaver function (b) Short-Peakshaver function

Figure 20: Simplified illustration of the Peakshaver function to the hydrogen grid

Another option is that the terminal only absorbs the large fluctuations for a certain period of time in order
to create time for other hydrogen producers to increase their production capacity. In this case, the terminal
will compensate for the first few hours when there is less wind. This option does provide flexibility to the
grid without the LH, terminal requiring a considerable amount of storage capacity. This type of peak shaving
is called the short-Peakshaver function. A combination of this short-Peakshaver function with a baseload
function has been analysed in more detail in the next section.

4.3.2 Analysing send-out scenarios (Send-out capacity)

In this section, the different send-out scenarios are evaluated by determining the possible send-out capacity.
The evaluated send-out scenarios are 1. the baseload function and 2. a combination of short-Peakshaver and
baseload function.

Since it is assumed that the import will happen via dedicated delivery, the size of the import volume is af-
fected by two factors: the location of the LH; production and the number of ships used. Furthermore, it is
assumed that the ships carry as much LH; per shipment as the terminal’s available storage capacity. This
means that the tanks at the terminal are considered almost empty when the LH; ships arrive with new cargo.

The intention is that 6 GW of electrolysers powered by wind energy will be operational in the Netherlands
by 2030 [10], [33]. They have an efficiency of about 70% (LHV) [20], hence delivering 4.2 GW when there is
sufficient wind. It is assumed that the Peakshaver function has to compensate for 50% of this energy in case
of little/no wind, thus requiring a Peakshaver send-out capacity of 2,1 GW (LHV).

In this research, the higher heating value (HHV) is considered for the energy send-out to the grid. However,
the maximum Peakshaver capacity of 2,1 GW has been defined for the LHV of hydrogen. For the HHYV, this
maximum energy supply of the Peakshaver function to the grid is equal to approximately 2,48 GW.

Baseload scenario

During the baseload scenario, the terminal has a constant send-out capacity. The send-out capacity is deter-
mined in such a way that the tank(s) are almost empty as soon as the LH; ship has returned with hydrogen.
As stated before, the storage capacity of one retrofitted LH, tank is equal to 50.000 m®.

The baseload scenario is evaluated and depends on the difference in shipping time and the number of avail-
able storage tanks (one or two). The baseload capacity for the different scenarios is shown in the table below.
As expected, the maximum baseload capacity is reached with a short sailing time and when using two tanks.



30

4.3 Send-out scenario

Table 6: Baseload send-out capacity for the various scenarios (considering the HHV).

Baseload 1 storage tank 2 storage tanks
ST Send-out rate | Energy supply | Send-outrate | Energy supply

Shipping time | =110 /) [MW] [kg/s] [MW]

4 days 10,3 1461 20,5 2909

5 days 8,2 1163 16,4 2327

9 days 4,6 653 9,1 1291

11 days 3,7 525 7,5 1064

23 days 1,8 255 3,6 511

Combination of short-Peakshaver and baseload

In this scenario, the terminal operates as a Peakshaver and has a baseload function as well. As described
earlier, the short-Peakshaver function only covers large drops in wind energy for a certain period of time. In
this way, the LH, terminal is used to its full potential as the easily adjustable regasification process is utilised.
To accommodate both functions, the LH, terminal has to have enough storage and send-out capacity. To de-
termine these for this scenario, the required capacity for the short-Peakshaver process has first to be defined.
After that, it is possible to calculate the baseload capacity.

This short-Peakshaver function is only necessary when a significant drop in offshore wind energy takes place.
By defining how often the Peakshaver function is needed, it is possible to determine how much storage capac-
ity is required. It has been decided that the Peakshaver must come into action when the wind energy drops
by more than 40% compared to the maximum wind energy, and also with an average wind energy decrease
of at least 12%/hour. Taking the offshore wind energy of 2015 as basis, the short-Peakshaver function would
be needed 55 times to absorb all offshore wind drops that year [90]. Thereafter, it is calculated how often it
can happen during the shipping time (i.e. when the ship is absent) because the terminal must absorb the peak
descents during that time. An overview of the percentage how often the short-Peakshaver function is needed
during the shipping times to the different destinations can be found in the table.

Table 7: This table presents the percentage of the amount of times the short-Peakshaver function is needed during the
shipping time. Considering the wind data from 2015 [90].

Numbefr of tlm?s the .PS .functlon 0 1 5 3 4 5 6 ”
is required during shipping

4 days 51% | 37% | 5% 0% 0% 0% | 0% | 0%
5 days 43% 41% 9% 7% 0% 0% 0% 0%
9 days 280/0 210/0 330/0 18% 00/0 0% 0% 00/0
11 days 13% | 31% | 38% | 9% 9% 0% | 0% | 0%
23 days 0% 7% 20% 13% 33% 20% 7% 0%

As expected, the Peakshaver function is needed less often in case of shorter delivery times. For the delivery
time of 4 and 5 days, it has been determined that the terminal must be able to operate as Peakshaver at least
three times during that time. For the delivery time of 9 or 11 days, it is four times. And finally, for the LH
import from the Middle East, when it takes 23 days, the terminal should be capable of operating five times as
a Peakshaver.

The final step to defining the Peakshaver function’s storage capacity is to estimate the amount of LH, needed
to perform the Peakshaver function once. This is done by calculating the average wind energy drop from
the 55 times the reduction is significant. The average drop is equal to 70% compared to the maximum wind
energy, with an average decrease period of 4 hours and 40 minutes. Assuming the decrease in wind energy is
constant, the send-out capacity has to be equal to 35% of the maximum Peakshaver capacity (2,48 GW) over
4 hours and 40 minutes. Nevertheless, to ensure that the terminal has reserved enough LH, storage for the
Peakshaver function, it has been determined that the storage volume to cover one significant drop should
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allow the terminal to deliver a send-out capacity of 70% for 4 hours and 40 minutes (storage volume equal to
3.000 m? of LHy). Or else it can provide a maximum send-out capacity of 2,48 GW for a period of 3 hours and
20 minutes. The required storage volume for the Peakshaver function is shown in table

Now the storage volume for the Peakshaver function is known, the baseload capacity can be determined.
Besides the storage volume for the Peakshaver part, the baseload depends on two other factors: the total
storage capacity and the shipping time. The total storage capacity is influenced by the number of tanks put
into use (1 or 2). The shipping time, as explained earlier, is affected by the LH, production location and the
number of ships in use. Assuming the remaining stored LH; is supplied as a baseload, the send-out capacity
for this function can be determined. The values for the baseload application are shown in table

Table 8: Presents the possible send-out scenarios for the various cases, considering both the short-Peakshaver function
and the baseload function.

Peakshaver function Baseload, 1 storage tank Baseload, 2 storage tanks

Shipping time Times PS function Storage Storage Send-out | Send-out Storage Send-out | Send-out

required [#] volume [m?] || volume [m?] [kg/s] [MW] volume [m?] [kg/s] [MW]
4 days 3 9.000 41.000 8,42 1193 91.000 18,67 2649
5 days 3 9.000 41.000 6,73 955 91.000 14,93 2118
9 days 4 12.000 38.000 3,46 490 81.000 8,02 1140
11 days 4 12.000 38.000 2,83 402 81.000 6,56 931
23 days 5 15.000 35.000 1,25 177 85.000 3,03 430

4.3.3 Selected send-out scenario

In this report, a terminal with a combined short-Peakshaver and baseload application is analysed in more
detail. This scenario has been selected because the advantage of an LH; terminal is exploited, namely the
possibility to provide one-sided flexibility to the grid. This without causing problems for the LH; supply
chain because the terminal can always receive LH, when the ship arrives as it also has the baseload function.

The selected location where the hydrogen will be imported is Portugal. Furthermore, it is assumed that only
one LH, ship will be deployed to deliver to the LH, terminal. The send-out case, which will be evaluated in

this report, is shown in table[9] As can be seen, the baseload capacity differs from the number of tanks in use.

Table 9: Presents the selected send-out capacity of the proposed LH, terminal.

Peakshaver function Baseload, 1 storage tank Baseload, 2 storage tank
Shipping | Times function | Storage | Send-out | Send-out || Storage | Send-out | Send-out || Storage | Send-out | Send-out
time required [#] [m3] [kg/s] [MW] [m3] [kg/s] [MW] [m3] [kg/s] [MW]
9 days 4 12.000 17,5 2480 38.000 3,46 490 81.000 8,02 1140

The send-out capacity of 490 MW is comparable to planned hydrogen projects in the Netherlands around
2025 [91]]. The 1140 MW is on the high side but not inconceivable, especially if hydrogen for Germany is also
imported via the port of Rotterdam. In addition, as the HyNetherlands project aims to scale up their electrol-
ysers to a capacity of around 750 MW to 1 GW from 2027, this assumed send-out capacity is not at all out of
proportion [92].

Process installation
The send-out scenario influences the process equipment. The regasification equipment must be able to handle
the minimum and maximum send-out capacity with the meeting the following requirements:

* Minimum send-out capacity: Baseload (see table baseload)
* Maximum send-out capacity: Baseload + Peakshaver function (2,48 GW)

* The send-out capacity must be adjustable between the minimum and maximum value.
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5 Ship unloading and LH, pipes

To receive the liquid hydrogen at the terminal, the LH, must be transported from the ship’s cargo tank to the
onshore storage tank. In this chapter, this unloading process is described. Thereafter, the designs of the LH,
pipelines at the terminal are defined.

5.1 Unloading process

The terminal receives LH; from maritime vessels unloading their cargo; this is called the unloading process.
The unloading process can be separated into three stages: recirculation, depressurization, and unloading [93].
The recirculation stage is operational, when there is no LH; vessel moored and available for unloading. Dur-
ing this stage the lines need to be kept cold since they are not in use. A small amount of LH; from the tank
circulates continuously through the unloading pipelines. As shown in figure 21} a separate recirculation line
is connected from the LP-pump to the unloading pipe [94].

Unloading arms

Vapour Return line
1' = - BOG handling

1 Unloading Line

H, Backbone

- In-tank Send-out
LH, ship pumps process

LH; tank

Recirculation Line

Figure 21: Schematic overview of unloading pipelines, redrawn from [94]

The depressurization stage is necessary to reduce the pressure inside the unloading pipes to create suitable
conditions for the unloading stage [93]. During the recirculation stage, the pressure inside the unloading pipes
is higher to minimize the BOG formation [93]. For the unloading stage, the pressure needs to be decreased
as much as possible to prevent a significant pressure difference between the unloading pipe and the storage
tanks. Importantly, the pressure inside the storage tank and most maritime vessels is just above atmospheric
conditions [95]. The final step of the depressurization stage is to equalize the pressure between the onshore
storage tank and the unloading pipeline by opening the unloading valve [93]]. Before the unloading stage can
start, the unloading arms at the jetty need to be purged as well [96].

As everything is ready to start the unloading stage, the LH, can be pumped to the storage tank by the LH,
pumps at the ship [94]. For the LNG case, the discharge rate increases in approximately 1,25 hour from 200
m?/h to the full speed unloading capacity of 12.000 m3/h [96]. During this process, vapour is sent back to the
ship to replace the discharged volume in order to maintain the operating pressure in the cargo tank and to
avoid vacuum conditions [97]. The unloading stage of an average LNG carrier takes around 12 hours. How-
ever, due to other activities before and after unloading, a ship usually stays at the port for 24 hours [97].

For the design of the LH; terminal, it is assumed that the unloading phase of the LH; vessel also takes 12
hours. Therefore, the unloading capacity depends on the number of storage tanks that are utilized. In case
only one tank is employed for LH, storage, the unload capacity is equal to 5.000 m*/h. When using both
tanks, the unloading capacity is 10.000 m3/h.
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5.2 Jetty

The LH; ships moor at the jetty for unloading. Unloading arms are installed on the jetty to transport the
LH; from the ship to shore, as shown in figure The capacity of the unloading arms for LNG use varies
from 4.000 to 6.000 m3/h [97]. Two or three unloading arms are installed at the jetty, depending on the ship’s
capacity and the terminal’s storage capacity. In addition, one vapour return arm and a spare arm are installed
at the jetty [97]. For safety measures, a special unloading and mooring PLC will control the unloading process
and stop it automatically when unsafe conditions are detected [94].

The conventional unloading arms for LNG applications cannot be used for LH; because of safety concerns
[98]. As will be discussed later in this chapter, the LH; pipelines must be vacuum insulated to prevent the
formation of liquid oxygen. For this reason, the unloading arms also need to have vacuum insulated pipes
and connections. The first LH, unloading arm has recently been developed by a collaboration of several
Japanese companies [98]. This arm has a double-walled vacuum insulation structure, with a specially de-
signed swivel joint that does not compromise the vacuum insulation [98]. Furthermore, the arm is equipped
with an emergency release system (ERS) for safety measures [98].

5.3 BOG generation during unloading process

During the unloading process, the generation of boil-off gas (BOG) at an LNG terminal is about 8 to 10 times
more than the BOG formation of the storage tanks [99]. The main sources generating BOG during the unload-
ing process are depicted in table([10] Defining the additional BOG formation during unloading is necessary to
determine the maximum BOG flow to be handled at the terminal.

BOG generated during unloading process

Vapour return to ship’s tanks

Heat transferred to the LH; by the ship’s pumps

Heat leak into the LH; through the pipes and equipment

Higher ship’s operating pressure than the LH; storage tank

Cooling down the ship’s manifold and unloading arms prior to unloading

Table 10: Main factors affecting the quantity of BOG released during the ship unloading process [100]

The main reason for the significant increase in BOG release is the displaced vapour volume from the storage
tank to the ship, as the liquid level in the storage tank increases and in the cargo tank decreases [100]. The
vapour return must supply an equal amount of volume to the cargo tank as the unloading capacity, which
can be as high as 12.000 m?/h [96]. The pressure and temperature difference between the storage tanks and
the cargo tank influence the actual flow rate of the return line [96]], [100]. The BOG can be sent back by vapour
return blowers. However, if the pressure between the storage tank and the cargo tank is sufficient, no blower
is required to return the vapour [96]. For the LH; terminal, this is desired, as the compressor/blower cannot
operate at temperatures below -170°C.

Another source strongly influencing the BOG increase is the pumping of LH, from ship to storage tank. For
the LNG case, it can be assumed that almost all the pumping energy is converted into heat adsorbed by the
LNG due to friction and turbulence [100], [101]]. Furthermore, heat is also entering the cryogenic liquid due to
heat leakage into the unloading pipeline. As the cryogenic liquid is supplied to the storage tank, the absorbed
heat needs to be removed, which results in significant BOG generation. The length of the unloading pipeline
affects the actual heat ingress. This is also the case for the generated heat due to pumping [100], since more
pumping energy is needed to transport the cryogenic liquid over a greater distance.
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There are also other factors that influence the quantity of BOG, as is shown in table[10] For example, one factor
is the pressure difference between cargo tank and storage tank. If the operating pressure in the cargo tank is
higher than in the storage tank, the temperature of the LH; in the cargo tank will also be higher. A small
amount of BOG is formed to decrease the temperature of LH; to the desired conditions of the storage tank
[100]. However, vice versa, if the storage tank has a higher operating pressure, the BOG generation decreases
[96]. Furthermore, before the unloading stage can start, the unloading arms and equipment at the LH; ship
need to be cooled down, which also generates BOG [100]. Generally, the higher the operating pressure of the
storage tank, the lower the BOG formation during unloading [96].

As mentioned, defining the additional BOG formation during unloading is necessary to estimate the maxi-
mum BOG flow to be handled at the terminal. Since the largest additional BOG generation occurs during
full-speed unloading, this part will be analysed. It is assumed that the vapour return flow does not require
treatment and is equal to the unloaded liquid volume flow. So, for this reason, only the pump energy and the
heat leakage in the pipeline form BOG. The additional BOG generation due to unloading has been calculated
in section[12.1]

5.4 LH; pipelines at the terminal

At the terminal, pipelines are necessary to transport LH, or hydrogen gas. The temperature, pressure and
volume flow of the transported substance influence the requirements of the pipe. As discussed in section
the LH, pipes must be vacuum insulated to prevent the formation of liquid oxygen at the piping surface
[98]. All pipes transporting hydrogen below the boiling point of oxygen must be vacuum insulated for safety
precautions. For this reason, reusing the existing LNG pipes is not possible.

In collaboration with Demaco Holland B.V. and taking into account EN13480 design standards, the pipelines
for the LH; terminal have been designed [102]. For the LH; pipes, stainless steel 316L is used, and the vacuum
insulation conditions of the pipe are higher than 10 mbar [102]. For the LH; pipes, a schedule number of
10S is sufficient to handle the pressures at the terminal, but for safety concerns, a schedule number of 40S has
been selected. The schedule number of the pipe is a dimensionless number related to the wall thickness of the

pipe [103].

To determine the desired diameter of the pipeline, the volume flow and the erosion velocity is of interest.
When a substance is transported through a pipe, the surface of the pipe will erode. The erosion rate will
increase with a higher flow velocity. For this reason, an erosion velocity is defined to set a limited velocity
before erosion will be a concern [104]. However, as the density of hydrogen is relatively low, the erosion
velocity can be high and therefore it is not a restricting condition for the design of the pipe. The diameters
variate between 6 to 32 inch, depending on the volume flow. However, there are no commercially available
valves for LH, pipes greater than 10 inches in diameter [105]. These valves must be designed by reputable
suppliers, which makes LH, piping significantly more expensive.
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6 LH, storage

At the import terminal, large-scale LH, storage is required. Since the two well-insulated LNG tanks at the
LNG-PS site are available, the goal is to reuse them as they are the most expensive part of the installation [106].
The two LNG storage tanks, each with a capacity of 57.250 m?, are described in more detail in chapter For
clarity reasons, a schematic overview of the double-containment LNG tank is shown in figure 22| To evaluate
the possibilities for reuse of the current LNG storage tank, first, the differences in physical and chemical
properties that affect storage are determined. Thereafter, the state of the art of LH, storage tanks and options
for retrofitting the existing tanks are discussed. Finally, two types of retrofit solutions are selected, and their
BOR is calculated. Of note, this study does not take into account the decommissioning and additional safety
requirements.
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Figure 22: Schematic figure of the current double-containment LNG tank design [107].

6.1 Differences between LH; and LNG storage

Storing LH; instead of LNG is more complicated, mainly due to two property differences: the lower temper-
ature and the easier evaporation ability of LH; [6]. For this reason, adjustments have to be made in order to
store LH; in the current LNG tanks.

The operating pressure of a large-scale cryogenic tank is most often just above atmospheric conditions [108].
Hence, the storage temperature of LH; has to be at -253°C, which is significantly lower than the -162°C for
LNG storage. However, the inner tank material is made of a nickel-steel that cannot withstand temperatures
below -195°C [109]]. For this reason, another layer of material must be applied to the inside of the LNG tank
before it is able to store LHy. Furthermore, due to the low temperature, it is also possible to have liquid oxy-
gen formation, as discussed in section Therefore, adding an additional layer inside the tank, creating a
double-walled insulation, could be a solution to deal with this problem.

The boil-off rate is also influenced by the differences in characteristics between LH; and LNG; when storing
LH; in the current tanks, the BOR will be significantly larger. This is mainly since LH, evaporates easily,
caused by the low volumetric heat of vaporisation [110]. As shown in table |1} the heat of vaporisation of
LHj; is 31,4 kJ/L; for LNG, this value is considerably larger: 226 kJ/L [19]. As a result, external heat of 31,4
k] entering the storage tank causes one litre of hydrogen boil-off gas. Whereas for LNG storage tanks, the
heat leakage into the tank can be around seven times higher before one litre evaporates. As the goal is to
minimize the amounts of BOG, additional insulation is required to achieve similar BOR as the current LNG
storage tanks. In addition, considering the larger temperature difference, the insulation degree must be ten
times higher to reach similar BOR [74].

The density of LH; is notably lower than LNG, as discussed in chapter 3| For this reason, the weight of the
stored new liquid is not an issue for the structure of the existing tank. As a matter of fact, it gives possibilities
to apply additional insulation in the tank from the inside. This is possible because when the tank is 100% filled
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with LHj, the stored weight is almost 25,000 tons less than allowed (designed liquid density is 500 kg/m3)
[111].

As stated above, the stored mass inside the tank is no constraint for LH; storage. Therefore, the tank can be
utilized for 100% with LH,. However, storing LNG results in a higher amount of stored energy than with LH,
due to the fact that the HHV per volume of LNG is larger. Considering the higher heating value of LNG at
23,6 MJ/L, the total energy stored in the tanks is equal to 2700 TJ [39]. The volumetric energy density of LH,
is more than two times lower, i.e., 10,05 MJ/L for the HHYV, resulting in a total amount of stored energy equal
to 1150 T7 [39].

6.2 LH; storage techniques

In order to store LHj, an enhanced insulation method must be selected. Therefore, the existing LH; storage
technique is discussed, and options to retrofit the current LNG tanks are analysed.

When looking for insulation methods, the state of the art for LH, tanks is of interest. The insulation require-
ment for LH; tanks is achieved most often with a vacuum insulation method. This method is commonly used
at double-walled spherical tanks, but tanks with this design are not able to store large capacities [108], [112].
Currently, the largest LH, storage tank is in use by NASA and stores around 3.800 m? of liquid hydrogen
[108]. The designs for double-walled spherical tanks go up to a maximum capacity of around 50.000 m> [66].
For capacities above 50.000 m?, cylindrical tanks have to be used. Kawasaki Heavy Industries is designing
cylindrical LH, storage tanks up to 200.000 m?, and they aim to insulate the LH; tank in such a way that the
boil-off rate is equal to that of LNG tanks. They are aiming to complete the research within a few years [113].

For retrofitting the LNG tank, other options are also investigated. From the evaluation in the previous sec-
tion, it is concluded that the current LNG tanks are not yet suited for storing LH;. Because the temperature
of LH; is below the operating window of the material used inside the tank, and the insulation degree of the
LNG tank is not sufficient for the LH; application. For this reason, an additional insulation layer needs to be
applied inside the tank. This insulation layer must obviously increase the insulation ability of the tank, and
be capable of withstanding temperatures as low as -253°C. Furthermore, the thickness of the insulation layer
should be as thin as possible to leave as much space as possible for storage. For this topic, a trade-off can be
made regarding the insulation degree and the thickness of the insulation material.

To be capable of withstanding the low temperatures of LH,, an inner tank has to be added into the LNG
tank. This inner tank will be made of metal; however, metals for cryogenic service (especially for LHy) are
limited. Structural metals that can handle LH; include some austenitic stainless steels, aluminium alloys and
iron-nickel alloys [109], [114]. Other steel and nickel alloys, like the current material used in the LNG tank,
are not suited for LH; storage [109], because those materials are susceptible to temperature and hydrogen
embrittlement. The effect of lower temperatures can be seen in figure 23] where the fracture resistance of
austenitic stainless steels and aluminium alloys are relatively insensitive to cryogenic temperatures [115].
However, the other steels and steel-nickel alloy do show significant degradation at low temperatures. The
austenitic stainless steels utilised for LH, application are 304L and 316L [109], [116]. For the aluminium
alloys, there are more options available; one of them is the 2219 [117].
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Figure 23: Charpy impact strength (fracture resistance) as a function of temperature for various materials [115]

Besides the inner tank, an additional insulation layer is necessary because the thermal conductivity of the
metal structures are relatively high. Desired insulation materials have a low thermal conductivity, which re-
sults in a small heat flux value. There are multiple solutions to accomplish this low thermal conductivity. An
option is to create a perlite vacuum insulation layer between the new applied inner tank and the old LNG tank
surface. This type of insulation material is already widely utilised for LH; storage, for example, by Kawasaki
[66]. The thermal conductivity can be 0,0015 W/m*K for a perlite powder at high vacuum conditions (10
torr) and a density of 100 kg/m3 [118]. Another promising material that can be applied at vacuum conditions
is glass microspheres (or bubbles). At similar vacuum conditions and a density of 70 kg/m3, the thermal con-
ductivity of glass microspheres can reach a value as low as 0,0005 W/m*K [118]. Nevertheless, implementing
a vacuum condition between these two tanks is quite complicated. And it is unknown if the current nickel-
steel inner tank is capable of handling vacuum conditions; therefore, it requires additional research.

Furthermore, research is being done into new types of insulation methods for LH, application. Such insu-
lation methods are based on multi-layer insulation materials. In a study carried out by Zheng et al., two
composite insulation systems are examined, all consisting of spray-on foam insulation (SOFI) and variating
multi-layer insulation material, as is shown in figure [119]. And for those two multi-layer configurations,
the thermal conductivity for vacuum within the multi-layer material (as is shown in I and II, of figure as
well as discharged hydrogen boil-off gas (IIl and IV, of figure 24a) was tested [119]. The proposed insulation
systems have a 35,3 mm SOFI thickness, and the multi-layer material consists of 45 layers. The heat flux of
the configurations under different vacuum degrees is shown in figure Another similar study regarding a
multi-layer insulation system, consisting of a 45 layer MHTB and a 35 mm SOF]I, has a heat flux of 0,22 W/ m?2
at high vacuum conditions [120]. Altogether, the multi-layer insulation systems can achieve a minimal heat
flux with a small thickness of the material, which is promising. However, this type of insulation is mainly
used for aerospace application and is an expensive solution [121].
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Figure 24: Insulation technique for LH, storage, proposed by Zheng et al. [T19].

Another solution is to use a membrane insulation system, which is often implemented at LNG cargo ships.
Such a membrane insulation system is a containment and insulation system, which is directly supported by
the ship’s hull structure, as shown in figure 25|[122]. Since it can be applied directly to the hull of a ship, it
may also be possible to attach this insulation technique directly to the inner wall of the LNG tank. In this way,
the nickel steel tank acts as the ship’s hull and provides support to handle the hydraulic pressure, which is
significantly lower than for LNG. By applying this extra tank and insulation layer, the risk of liquid oxygen
forming is covered, provided the roof is also properly insulated and hydrogen-tight. For these reasons, this
technique offers opportunities for retrofitting the current LNG tank.

Top bridge pad Primary stainless steel membrane

Metallic insert

Inner hull

- )
Composite secondary membrane (Triplex) Insulation panel
(a) Construction of the Mark III insulation panel. (b) The inside looking of the GTT Mark III tank

Figure 25: Mark III insulation technology, design by GTT [122].

The leading company developing membrane insulation systems is Gaztransport Technigaz (GTT) [122]. They
have multiple designs, some of which are already suitable for the low temperatures of LH; as their primary
membrane is made of stainless steel 304L [114]. The most promising is the Mark III technique, which is
a modular system that can accommodate any shapes and capacities of tanks and is also used for onshore
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storage [122]. As shown in figure it is composed of a primary corrugated stainless steel 304L membrane,
positioned on top of prefabricated insulation panels, including a complete secondary membrane made of
composite material [122]. Their newest and best insulating Mark III Flex+ technique has a total thickness
of 480 mm, which can archive a BOR of 0,07%/day for large scale LNG storage [122]. Implementing this
insulation degree in addition to the existing insulation could provide sufficient insulation for LH; storage.

6.3 The selected retrofit solutions

Although multiple solutions are possible to retrofit the LNG storage tank, in this research, only the vacuum
insulation technique and the membrane insulation system Mark III are considered. The material selection
and insulation methods are analysed in this study, but safety regulations, which is an essential part, were not
considered. It is assumed that the proposed solutions meet the safety requirements for large-scale LH; storage.

The vacuum insulation technique has been chosen because it is widely used for LH; storage, and it is feasible
for large-scale storage in the near future, according to Kawasaki [113]. Furthermore, the insulation degree
of such a tank is significant. Therefore, to evaluate the benefits of a low BOR, it is essential to select this
design. The downside of this solution is that the current insulation tank in the concrete construction must
be removed to implement the new vacuum insulated tank, as shown in figure 26| This means that only the
concrete structure can be reused, which entails high costs.
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Figure 26: Schematic figure of the retrofitted cylindrical double-walled vacuum tank design.

For the new vacuum tank, it is assumed that a cylindrical double-walled vacuum design is used with a ca-
pacity of 50.000 m>. The concrete structure can easily support this new, double walled vacuum tank since the
old inner tank is removed and the stored mass is 25.000 tons less since the LH, density is lower. Furthermore,
the corresponding heat flux for this type of insulation is approximately 1 W/m? [66]. Knowing the heat flux
and the surface area of the tank, the heat flow Q can be determined with equation 2} Equation[J]is used to
calculate the BOR of the tank, which results in a BOR of around 0,043%/day, which is lower than the current
BOR of the LNG storage tank.

Q=gxA Wi @)

The membrane Mark III insulation technique has been selected as a retrofit solution because the entire LNG
storage tank can be reused, creating a cheap solution. A disadvantage of this system is the relatively low
insulation degree compared to the vacuum tank, which results in a higher BOR. However, since the terminal
is assumed to have a baseload send-out to the grid, a higher BOR can be processed.

Applying this insulation technique is possible because it is calculated that the inner tank can carry the weight
of the membrane insulation system since the stored mass of LH, is almost 25.000 tons lower. In figure 27} a
schematic overview shows the added Mark IIl insulation technique. The storage capacity after retrofitting the
LNG tank is assumed to be 50.000 m® as well.
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N

Figure 27: Schematic figure of the retrofitted membrane Mark III tank design. The additional Mark III insulation
technology is indicated in red.

Calculations have been performed to determine the BOR of the converted LNG storage tank with membrane
insulation. These calculations are performed in the same way as for the old LNG tank design [111]. First, the
U-values for the different planes (wall, bottom and roof) are defined with equation (3] Then the heat flow Q
can be determined, and finally, with equation[9} the BOR of the tank.

o t Iy t; 1%
(i) e ®
Q=UxAxAT  [W] (4)

Where t and k represent the thickness and thermal conductivity of the insulation material, respectively, the
subscripts refer to the different materials used in each plane. Furthermore, A defines the surface area of the
tank, and AT is the temperature difference between LH; and the outside wall. Since all these values are
known, it is possible to determine the BOR for the retrofitted tank, which is 0,31%/day. In comparison, if no
additional insulation layer is added to the storage tank, the BOR would be 0,45%/day. So implementing this
technique reduces the BOG by more than 30%, and it makes the tank suited to handle extremely low temper-
atures. However, as mentioned before, additional research is required before implementing this solution is
feasible.

Altogether, the vacuum insulated tank results in a significantly lower BOR than the Mark III technique. A
higher BOR of the tank is unwanted as it affects the efficiency of the LH, terminal. However, applying the
Mark III technique is assumed to be a considerably cheaper solution because the current tank can be reused,
which is only partly the case with the vacuum tank. In chapter (8} the influence of the different BORs on the
process efficiency of the terminal is analysed. These results make it possible to determine which type of tank
is best suited for the proposed LH, terminal.
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7 LH; pump process

Pumping the LHj to the desired pressure of the H, grid is the first step within the regasification processes.
Two types of LH, pumps will be used for this process, similar to the current process at the LNG-PS. The first
pump is employed to pump the LH; out of the storage tank. This will be done with a submerged pump inside
the tank which delivers a slight pressure increase. After that, the second pump (high-pressure pump) will be
used to pump the LH; to the desired grip pressure (50 bar). As the send-out capacity has been determined
before, the required flow throughput of the LH; pumps is known.

This chapter first discusses the complexity of LH, pumps, followed by solutions to solve these problems.
Thereafter, the state of the art of LH, pumps is analysed. With knowledge of the state of the art and in collab-
oration with Nikkiso Cryo Inc., a suitable pumping process is determined for the LH; terminal. Finally, the
calculation methods of the pumps are explained.

7.1 LH; pumping complexities

The LH,; pumping process is seen as a difficult task, not only due to the physical and chemical properties
of LH, but also because of the process conditions of the LH, terminal [27]. The process conditions of LH,
pumping require both high flow and respectively high pressure. Although the desired pressure of 50 bar does
not seem so high, the corresponding pressure head is significant due to the low density of hydrogen.

Reusing the current centrifugal LNG pumps is not possible because some of the physical and chemical prop-
erties that influence the pumping process differ too much. The main properties that affect this process are the
lower temperature and density of LH,. First of all, the lower temperature of LH, affects the material choice
of the pump. This material must be capable of withstanding extremely low temperatures without becoming
brittle [17]. Furthermore, the extremely cold temperatures in the pump must be maintained to keep the hy-
drogen in a liquid state at all times; any evaporated hydrogen will cause damaging cavitation in the pump
[17]. Therefore, the thermal insulation at the outside and even inside the pump is considered a complicated
aspect of designing the LH, pump [123].

The low-density of LH; results in a low available Net Positive Suction Head (NPSH,), meaning the differ-
ence between the saturated vapour pressure and the liquid pressure is small [124]. This low NPSH4 causes
cavitation to occur more easily during LH, pumping [112]. Since the density of LNG is significantly larger,
this value is less of a concern for the LNG pumps. The effect of the NPSH is especially relevant for centrifugal
pumps as this type of pump is most vulnerable to cavitation damage [112], [87].

Another effect of the low density is the necessary high pressure head of the pump. As can be concluded from
formula |5} the head for LH; will be significantly higher than for LNG, considering the same pressure. This
is caused by the specific gravity (SG) of LH, which is notably smaller than that of LNG, namely 0,0709 and
0,554, respectively [19].

P =head x g *SG  [Pal ®)
P Pressure [Pa]
head Pressure head [m]
g 0,00981; gravitational acceleration
SG Specific gravity [-]

The higher required head for LH; pumping influences the centrifugal pumping process significantly. The
theoretical head (or Euler head) delivered by the impeller of a centrifugal pump is calculated with equation
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[6| [125]. As can be seen, the density is not a component of the equation, meaning the theoretical head of a
pump is independent of the fluid type. In other words, if the LH, pump has a similar geometry as the LNG
pump, the delivered head would be the same. However, the pressure increase of the LH, pump would be
significantly less.

1
head = g(UZsz — U1 V)  [m] (6)
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Figure 28: Velocity triangles for centrifugal pump Impeller [125].

7.2 How to overcome those difficulties

As mentioned, the LH, evaporates relatively easily, so a small amount of heat leakage into the pump could
already cause severe issues for the pump [87]. Therefore, the HP pump should be vacuum insulated to mini-
mize heat leakage. For the submerged pump, heat leakage from the surrounding is not a concern because it is
located inside the tank. In addition, heat is also generated in the pump due to friction and by the electromotor,
which is often implemented inside the pump [126]. According to Cryostar, handling the internal heat is one
of the major bottlenecks in designing an LH, pump [123]. To remove this heat, most of it can be sent along
with the fluid [126]]. Furthermore, some heat can be dissipated by boil-off gas.

The NPSHy of LH; is low, which could lead to cavitation; however, there are options to increase this value.
Furthermore, it is also possible to decrease the required NPSH of the pump itself. The NPSHp is a charac-
teristic of the pump, which describes the minimum NPSH the fluid must have before entering the pump;
otherwise, cavitation will occur. In other words, to avoid cavitation, the following must apply NPSHp >
NPSHR, [124].

Several ways to prevent cavitation in the pump are given below [124], [87]. For clarification, the equation of
the NPSH , is provided first, with accompanying figure.

NPSH4 = Psyction — Psaturation = Pa + Pst — hf — Peat [m] @)
NPSH,4 Net positive suction head available
P, Absolute pressure on the surface of the liquid
Pyt Pressure due to elevation between the liquid surface and pump suction
hs Head losses in the pump suction piping

Pyt Saturation pressure of the liquid being pumped
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Figure 29: An image to clarify equationE]

Increase NPSH

* Increase the pressure at the suction of the pump. In the case of the submerged pump, this can be done
by raising the liquid level in the tank.

* Decrease the temperature of the liquid which is pumped. In this way, the saturation pressure is de-
creased.

* Decrease head losses in the pump suction piping. This can be done by increasing the pipe’s diameter,
reducing the number of valves and elbows in the pipeline, and decreasing the pipe length. This aspect
could be an interesting solution for the HP pump.

Reducing the NPSHR of the pump

¢ The NPSHR increases significantly as the flow rate through the pump increases. So reducing the flow
rate results in lower NPSHR.

* Reducing the rotational speed of the impeller results in lower NPSHr. However, a certain flow rate is
necessary for the system, so limited adjustments are possible. Or else, parallel pumps are necessary to
decrease the flow rate through the pump.

For the LH, pump to reach a higher pressure head, the rotational speed can be increased, as can be concluded
from equation 6| However, as stated above, a higher rotational speed will lead to a higher NPSHg, which is
not desired. Therefore, multiple-stage pumps and/or pumps in series are required to reach a high head.

7.3 Currently available pumps

Two types of LH, pumps are currently available for commercial use, i.e. a centrifugal and a reciprocating
pump [127]. The current centrifugal LH, pump can reach a relatively high throughput capacity of 600 m/h
[128]. However, the pressure ratio of these pumps is low as the centrifugal pumps have difficulties increasing
the pressure due to the low density of LH,. For this reason, the centrifugal LH, pumps are mainly used to
pump LH; out of a storage tank [112]. Companies such as Cryostar and Nikkiso Cryo Inc. are doing re-
search into centrifugal LH, pumps. Cryostar has made submerged LH, pumps commercially available. As
explained, they can have a relatively large throughput, however the pressure ratio of the 600 m®/h pump is
below 2 bar [128]]. The performance chart of those pumps is shown in Appendix|C.1}

The reciprocating pump, on the other hand, is capable of handling large pressure ratio’s. These types of pump
can increase the LH, pressure up to 900 bar [127], because the effect of the NPSH is less of a problem. Nev-
ertheless, the maximum throughput of the reciprocating pump is currently too small for the LH; terminal
application, namely 120 kg/h H, (1,7 m?/h) [17]. Hence, thousands of reciprocating pumps would be neces-
sary to compress the large volume flow up to 50 bar. Cryostar mentioned that they are capable of reaching a
max throughput of 41 m?/h for the process conditions of the terminal, with their triplex pump design [123].
Nevertheless, this is still not close to the wanted throughput of the terminal.
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7.4 Selected LH,; pumps

Although no LH; pump can be found in the literature for the requirements of an LHj terminal, it turned out
that Nikkiso Cryo Inc. was able to design it. In collaboration with Nikkiso Cryo Inc., LH, pumps have been
designed for the specific process conditions of the LH; terminal proposed in this report. The selected LH,
pumps are very similar to the currently used type of pumps for the LNG process but have been made suitable
for LH,.

To pump the LH; out of the tank, a vertical, submerged, removable in-tank pump is designed. This is a
centrifugal pump, similar to the submerged type of pumps used for the LNG process, as is shown in figure
This submerged pump can increase the pressure to around 5 bar, resulting in a head of approximately 720
m. Furthermore, the NPSHR of the pump is given, which is a relatively small value due to a special inducer.
The inducer is specifically designed to prevent cavitation and is derived from aerospace technologies used
to pump LH; in rocket engines [126]. Considering NPSHy and the guideline for NPSH margin, ANSI/HI
9.6.1, the minimum LH, level inside the tank can be determined [129]. This minimum LH, level is between
2 and 3,5 meter depending on the throughput of the pump. Furthermore, the pump is removable, which is
beneficial for maintenance purposes.
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Figure 30: Centrifugal pumps employed for LNG application but similar designs will be used for LH, treatment [130]

For the high-pressure pump, a vertical, submerged pot mounted type of pump is utilized. Again, it is a cen-
trifugal pump and has a similar design as an LNG HP pump which is shown in figure 30} As mentioned
before, increasing the pressure of LH; is difficult for a centrifugal pump because of the low density of LH;.
For this reason, three pumps in series are required to achieve the desired pressure of 50 bar. For the LNG
pumping process, only one pump was sufficient to increase the pressure up to 80 bar. Furthermore, the pot
mounted pumps are vacuum insulated for thermodynamic reasons and to prevent liquid oxygen formation.

The three HP pumps in series are identical, and each pump has a pressure increase of around 16,5 bar. At
the first HP pump in succession, the critical pressure of hydrogen, 13,3 bar, is exceeded. However, the fluid
does not become supercritical during the pumping process because the temperature does not reach the criti-
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cal value of -240°C. When the pressure of the HP pumps is above the critical value, it is impossible to have a
gas-liquid equilibrium. For this reason, extracting boil-off gas out of the pump is not an option. Therefore, all
generated heat is sent along with the fluid [126].

Both centrifugal pumps are driven by an electric motor, which is submerged in the LH, as well. A power
cable from the outside is connected to the motor to deliver the energy. The set-up of the LH, pumping process
at the terminal is shown in the figure below. As explained, one submerged pump is needed to pump the
hydrogen out of the tank. Thereafter, three HP pumps in series are required to pump the LH; to the desired
pressure of 50 bar.

@ i H, Backbone
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HP Pump 1 HP Pump 2 HP Pump 3
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Figure 31: An overview of the pumping process on the terminal

Nikkiso Cryo Inc. delivered data sheets and expected performance curves of the two different type of pumps.
The performance curves give insight into the NPSHR, pump efficiency and pressure head for different flow
rates. These data can be used to calculate the required power input and also for determining the necessary
LHj; level in the tank. However, since these data are confidential, this study assumes an isentropic efficiency of
67% for both pumps. These efficiencies are in line with the highest efficiencies of the LH, pumps. Nonetheless,
for actual centrifugal pumps the flow rate influences the efficiency, as is shown in figure 32| For this reason,
selecting suitable LH, pumps depends on the requires send-out capacity of the terminal as well.
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Figure 32: Example of a performance curve of a centrifugal pump [131]
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7.5 Pump calculations

The formula used to calculate the power of the pump is shown in equation [§| [132]. In this way, the elec-
trical power required by the electric motor of the pump is calculated, neglecting the mechanical losses. As
mentioned above, the isentropic efficiency for both LH, pumps is defined at 67%.

Vs« H=xSG

Ppump = 76y [kW] 8)
Pyump Power input pump [kW]
1% Flow rate [m?®/h]
H Differential head [m]
1 Isentropic pump efficiency (less than 1)
SG Specific gravity [-]

With the value for the NPSHR of the submerged pump, it is possible to determine the minimum LH; level
in the tank before cavitation occurs during pumping. Furthermore, it is ensured that the margin between the
NPSH, and the NPSHR, for all pumps complies with the standard specified in ANSI/HI 9.6.1 [129].
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8 BOG processing

When processing cryogenic liquids such as LHj, boil-off gas (BOG) formation will always occur [100]. The
BOG has to be removed to prevent pressure increase inside the system and because BOG could damage the
process equipment [100]. Handling the BOG has a major impact on energy consumption and the safe opera-
tion of the terminal [96]. How to process the BOG is defined in this chapter. At first, the BOG formation of
the different processes is determined. Subsequently, insight is provided into the hydrogen-BOG compression
by defining the complexity and the equipment for the process. After that, other methods to handle the BOG
are explained. And finally, a selection is made of various BOG processing solutions, which will be analysed
within this research.

8.1 BOG formation

Hydrogen in the liquid phase is obviously below its boiling point, just like every liquid. Because the boiling
point of hydrogen is extremely low, it is difficult to maintain these temperatures at all time. When the tem-
perature is above the boiling point, the LH, will evaporate and lead to BOG. Several sources at the receiving
terminal result in BOG generation [100], [133]. As discussed in the previous chapters, external heat leakage
into the storage tanks and the procedures for unloading tankers at the terminal are processes generating BOG.
Also, heat entering the pipelines is a source producing BOG. In addition, the process equipment must be kept
cold even when not in use in order to prevent the material from contracting and expanding due to temper-
ature changes. Most LNG terminals use an LNG recirculation line from the tank to cool the equipment and
pipes. Finally, the recirculated LNG is flashed into the tank resulting in significant BOG [133].

An in-depth look is given at the different BOG sources. Considering the terminal, the effect of each source is
described, and the BOG calculation method is determined. First, however, the physical and chemical proper-
ties of LH, that influence BOG formation are discussed. Due to the extremely low temperature of LHj, there
is a significant temperature difference with its surrounding. This large temperature difference results in more
heat transfer assuming similar insulation [134]. As discussed in chapter the enthalpy of evaporation of LH,
is significantly smaller than for LNG, namely 31,4 kJ /L and 226 kJ /L, respectively [19]. Hence, a minor heat
ingress can already lead to a considerable BOG formation. Altogether, hydrogen BOG occurs more easily than
when processing LNG. As BOG is unwanted, enhanced insulation measurements are desired.

The BOG generation inside the tank is already explained in chapter[6} With equation 9} the boil-off rate (BOR)
of the tank can be determined in percentage volume per day [135].

BOR =

24 1073 %
Q%24 %3600 % 10 « 100 [ Ve ] ©)
V% 0 % Hygp day

Where p is the density of the stored liquid, Hvap is the enthalpy of evaporation per mass, and V is the volume
of the tank. Q is the heat flow into the tank, which is influenced by the insulation degree of the tank. As can
be concluded from the formula, a smaller enthalpy of evaporation causes more BOG.

During pumping, electrical power is converted into kinetic energy by increasing the velocity or pressure of
the fluid leaving the pump. Some of the energy is lost due to pump deficiency, which creates heat and could
result in BOG generation. However, as explained in section[7.4} the HP pumps operate in the critical pressure
regime of hydrogen. Therefore, BOG generation is impossible for these pumps, so the heat will be sent along
with the fluid [126]. Since the HP pumps are used for the regasification process, it is possible to send the heat
along with the liquid because it evaporates anyway. Nevertheless, in case pumps are used to transport LH;
from the ship to the LH; tank, during unloading, the generated heat has to be removed, which results in sig-
nificant BOG production [95]. As stated in section 5.3} all energy used for the LH, ship pumps is completely
converted into heat.
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In the pipelines, some BOG formation is possible. As the LH; pipes are vacuum insulated, the heat flux is
low [102]. For this reason, the heat will be sent along with the fluid when a flow is going through the pipes.
For the send-out pipes, it can be assumed that the heat ingress will not lead to BOG formation at the terminal
since the slightly heated LH, will be evaporated anyway. However, for the unloading pipes, the heat ingress
will lead to BOG formation because the LH; from these pipes is transported to the storage tank. As discussed
in chapter 5 this heat is removed by BOG generation in the tank. If there is no flow through the pipes, the
generated BOG can be removed since the pipes are slightly inclined. To estimate the BOG generation in pipes,
equation[10]is used [136].

kyx A k
ipiping = 36001 - p [hg] (10)
M piping Piping generated BOG [kg/h]
kp Average heat flux [kW/ m?]
Ap Piping surface area [m?]
Huyap Enthalpy of evaporation per mass [k]/kg]

Furthermore, the BOG generated while filling the storage tank by unloading maritime vessels is discussed in
chapter[5} This process leads to a peak in the BOG formation [137]. So when designing the terminal, it should
definitely be taken into account. During normal send-out operations, when no unloading is taking place, the
BOG is mainly formed due to heat leakage to the storage tanks and the unloading pipelines. The generated
BOG at the terminal is defined in section Since the terminal is assuming a baseload send-out, the (peak)
BOG can be delivered to the grid.

8.2 H; BOG compressor process
8.2.1 Complexity

The hydrogen compressor at the receiving terminal is employed to compress the hydrogen boil-off gas. Since
it is boil-off gas, the temperature of the hydrogen gas, which must be compressed, is very low. The low
temperature has several consequences for the Hy compressor, such as material selection and insulation re-
quirements [27]. Another factor is the hydrogen density at these low temperatures. The density of hydrogen
BOG will be relatively high compared to hydrogen at ambient temperatures, which is beneficial for the re-
quired power of the compressor. However, at these low temperatures, the density changes significantly with
a slight temperature change, as shown in figure 33| This phenomenon complicates H, compression at these
low temperatures [138].
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Figure 33: Hydrogen vapor: Density vs. Temperature @ 1,01325 bar. Computed with Aspen plus, using REFPROP [139].
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The rapidly changing density at low temperatures influences the design and calculations of the compressor
process. For example, if hydrogen enters the compressor at -252°C instead of -250°C, the density is, respec-
tively, 1,27 kg/m?3 and 1,14 kg/m?>. This implies a difference of more than 10% in volume flow, considering
the same mass flow. For this reason, it is essential to precisely determine the temperature of the hydrogen
BOG entering the compressor. Furthermore, this changing density also has an influence on the compressor
process itself. This is because during compression, the temperature of the gas increases inside the cylinders
or impellers of the compressor. Determining how much the temperature rises during compression is an im-
portant value to define, but this is complicated [138]]. Therefore, the behaviour of the hydrogen gas during
compression at these low temperatures is difficult to predict [138].

In addition, some unique problems arise in hydrogen compression because of its properties. One of them is
that hydrogen easily migrates through small spaces because it is the lightest gas of all gases, and it has a lower
viscosity than NG [23]. For that reason, special seals and tolerance standards need to be established for the
compressor [23]. Another issue that arises is hydrogen embrittlement, which occurs at elevated pressure and
temperature [23]. However, the temperature of the hydrogen BOG that will be compressed is very low, so for
the material selection, some additional studies have to be done on this topic. Altogether, hydrogen (BOG) is
seen as a difficult gas to compress due to its physical properties.

This fact is also reflected in the relatively high work required for compression at ambient temperatures, as is
shown in figure [34] [140]. This is mainly due to the lower density of hydrogen. Since hydrogen BOG density
is considerably higher, the energy consumption for BOG compression will -luckily- be less.
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Figure 34: Adiabatic compression work for methane, helium and hydrogen [24].

8.2.2 Compressor equipment

Hydrogen compression is a hot topic, as it is one of the most critical issues for the hydrogen industry [141]. Itis
widely accepted that there is a strong desire for changes in efficiency, reliability and durability of H, compres-
sors and cost savings. For this reason, a lot of research is done into different types of hydrogen compressors
[140], [142], [143]. However, most of it is done for hydrogen gas transport through pipelines instead of BOG
compressors. For gas transport through pipelines, two types of compressors can be distinguished: a centrifu-
gal and a multiple-stage reciprocating compressor [56]]. These compressors are both capable of reaching high
throughput and the required moderate compression ratio, which is also desired for the BOG compressors [17].

Nevertheless, the centrifugal compressors for hydrogen transport through pipelines are not yet employed be-
cause hydrogen is the lightest gas of all gases [23]. The small molar weight influences the necessary rotational
speed of the compressor. To reach the same compression ratio as an NG compressor, the rotational speed
of the hydrogen compressor have to be 1,74 times larger [57], [144]. The materials of the NG compressors
are not capable of reaching this rotational speed because the stress inside the rotating material becomes too
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high, which eventually results in fractures to the rotor [27], [145]. A lot of material research is done to select
the correct material to compress hydrogen with a centrifugal compressor, but they are not yet commercially
operational.

On the other hand, the multi-stage reciprocating compressor is already employed for hydrogen gas transport
through pipelines. That is possible because, for this type of compressor, the working gas is of no importance
[57]. However, the side effect is the compressor’s poor reliability because it uses piston heads for compression
[17]. The linear movement of the components causes the components to wear (e.g. valves, rider bands, piston
rings) [23]. Therefore, a lot of maintenance is required resulting in much downtime. To overcome downtime
and make sure the boil-off gas can always be compressed, spare installations are necessary [68]. In short,
the multi-stage reciprocating compressor is operational, but they require high maintenance and capital cost.
Nevertheless, this type of compressor is currently used at the LNG-PS and at many LNG terminals to process
the boil-off gas [146].

8.2.3 Selected compressors

In the literature, no information was found on hydrogen BOG compression, considering the capacity of the
LH, terminal. Therefore, two renowned cryogenic compressor manufacturers have been approached to deter-
mine the possibility of compressing hydrogen at extremely low temperatures. Disappointingly, both compa-
nies are currently unable to compress hydrogen at temperatures below -170°C [138]], [147]. This temperature
limit is due to the fact that their equipment is designed for LNG applications. The materials used in the
compressor are not tested at lower temperatures [138]. Extensive research is needed to determine whether
hydrogen compression at lower temperatures is possible with regard to material selection and the hydrogen
density problem previously explained [138].

For hydrogen compression at -170°C, the company Burckhardt Compression was able to design compressors
suited for the proposed LH; terminal in this report. The BOG is compressed to the desired pressure of the
grid, with two types of reciprocating compressors in series. The first low-pressure compressor is a two-
stage vertical labyrinth compressor design, illustrated in figure This type of compressor is suitable for
operation at cryogenic temperatures, as it does not require any seals or lubrication [148]. The maximum
pressure increase of the first pump is around 8 bar, with a maximum capacity of about 1700 kg/h [147].
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Figure 35: A schematic illustration of the labyrinth compressor [148]

The discharge pressure of the labyrinth compressor is around -50°C, depending on the pressure ratio. Thus,
the temperature of hydrogen entering the second compressor does not cause any problem with regard to lubri-
cation and seal limitation. The design of the HP-compressor is a Comprehensive API 618 type of compressor
[149]. This compressor is capable of increasing the pressure up to 60 bar in three stages. The volume flow ca-
pacity is significantly larger, so one compressor of this type will be sufficient to handle all BOG. With special
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adjustments of the cylinder valves during compression, the flow capacity of the compressor can be regulated
[150]. Furthermore, intermitted cooling with air is added between the stages to increase the efficiency of the
Ccompressor.

Figure 36: A schematic illustration of the comprehensive HP compressor [149].

The compressors designed by Burckhardt are used in the simulation of the terminal. However, it is also
important to investigate the benefits of using hydrogen BOG compressors that can handle extremely low tem-
peratures because compression at lower temperatures results in a higher energy efficiency of the process. In
addition, when compressing at extremely low temperatures, the BOG can potentially be recondensed. Both
factors could significantly increase the efficiency of the send-out process of the terminal.

The hydrogen BOG compressors that can handle extremely low temperatures are referred to in this report
as “cold” compressors. Since these compressors are not yet available, assumptions for efficiency have to
be made. The low- as well as the high-pressure compressor operate at cryogenic temperatures. Therefore, a
vertical labyrinth type compressor is required. For both cold compressors (LP and HP), an isentropic efficiency
is assumed that is comparable to the efficiency of the labyrinth compressor designed by Burckhardkt.
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8.3 Different ways of BOG processing

Conventional LNG terminals supply the BOG directly to the grid with compressors. However, as compression
is an energy consuming process and requires more work than pumping a liquid [95], different options might
be preferable. Nowadays, most LNG terminals use a BOG recondenser to improve the efficiency of the BOG
handling process [151]]. In this section, three solutions for processing the hydrogen BOG are briefly described.
More information can be found in Appendix
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Figure 37: Process flow diagram of the BOG recondenser process.

The first solution to process hydrogen BOG in a more efficient way is by employing a recondenser. As illus-
trated in the figure above, the BOG flow and the LH; flow are compressed with a small amount before both
streams enter the recondenser. This pressure increase is necessary to create subcooled LHj; most recondensers
operate between 6 and 10 barg [152]. The subcooled LHj; is brought in contact with the BOG, and liquefies
the BOG. Depending on the temperature and pressure of both streams, a ratio between those streams can be
determined in order to have a total liquid stream leaving the condenser. The liquid stream leaving the BOG
condenser can then be processed as a liquid stream, as is shown in figure[37] The benefit of handling the BOG
flow in this manner is that hydrogen compression is minimized. For an LNG terminal, it is estimated that
processing of BOG with a recondenser instead of an HP compressor results in a 30-60% more energy efficient
process [96].

As mentioned earlier, employing a recondenser is only an option when hydrogen compression at extremely
low temperatures is possible (around -250°C). With the currently available hydrogen compressors operating
at -170°C, the outlet temperature of the LP-compressor is too high. The BOG outlet temperature, in that case,
is already at -50°C with a six bar pressure increase [147]. Another disadvantage is the fact that the recondenser
requires an LH; flow; otherwise, recondensing is not possible. For this reason, most BOG recondensers are
applied at terminals with a continuous send-out to the grid [152].
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Figure 38: Process flow diagram of the actively reliquefaction process of the BOG.

Actively reliquefy the generated hydrogen BOG. The benefit of handling the BOG in this way is that the
terminal is capable of having no send-out to the grid. Furthermore, the hydrogen BOG is already extremely
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cold and in the high para-concentration. Therefore, reliquefaction consumes significantly less energy than
the liquefaction process. Nevertheless, the energy input to reliquefy is still significant. According to Lee et
al., an energy input of around 9,6% of the LHV of hydrogen is required [110]. Another disadvantage is the
additional equipment and extra Helium cycle needed for processing the BOG flow in this way.
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Figure 39: Process flow diagram of the Electrical utilization process of the hydrogen BOG.

The utilisation of the boil-off gas into electricity can be done in two ways, using a fuel cell or a hydrogen gas
turbine. The gas turbines are not yet capable of operating at 100% hydrogen input. Therefore the combustion
fuel has to be mixed, for example in a mix of hydrogen, with natural gas; however, this will lead to CO; emis-
sion. A lot of research is done to overcome these problems by multiple companies. For example, Mitsubishi
aims to achieve this 100% hydrogen combustion technology by 2025 [153]], and Siemens in 2023 [154].

The efficiency and the power produced by a fuel cell depend on several factors, including the fuel cell type,
size, temperature at which it operates, the pressure at which gases are supplied and if pure oxygen or air
is used [155]. Therefore, the hydrogen BOG must be processed before entering a fuel cell. An example of
the hydrogen boil-off utilisation into electricity with the use of a fuel cell and a heat recovery system is done
by Marandi et al., which is shown in Appendix Marandi et al. analysed a system with a PEM fuel cell
and two Organic Rankine Cycles operating as heat recovery system [156]. The total energy efficiency of the
BOG utilization is defined at 58% [156]. More details regarding this cycle can be found in Appendix[E5] The
downside of such a system is the additional equipment and processes needed at the terminal, which require
extra space at the terminal site as well as a significant investment cost. Instead, just using a fuel cell is likely
to be more cost-efficient.

8.4 BOG Handling options

As discussed in the previous section, many solutions are possible to handle the hydrogen BOG flow. In this re-
port, a selection of three types of BOG handling are discussed: . Normal BOG handling, Cold BOG handling,
and BOG recondenser process. Normal BOG handling processes the hydrogen BOG with the compressors de-
signed by Burckhardt, as discussed in section [8.2.3] The LP-compressors operates from -170°C; therefore, the
process requires a HEX in front of the compressor. For Cold BOG handling, it is assumed that compressors
are capable of handling BOG at any temperature. So no additional heat transfer is needed before the BOG
enters the LP compressor. For this process, a HEX is required after the compression process. Lastly, the BOG
recondenser process will be analysed, as discussed in the previous section. Since a continuous send-out is
considered at the terminal, a recondenser process is promising. Process flow diagrams of the different BOG
handling options are showed in Appendix|[F

These three options have selected because, in this way, the benefit of compression at extremely low temper-
atures can be defined. This result is of interest for a future LH, terminal and could encourage compressor
manufacturers to develop H, BOG compressors.
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8.5 Calculation method

In order to analyse the most suitable BOG processing method, it is necessary to define the energy consumption
of the different techniques. To do so, the required power for the compressors and pumps must be determined.
The desired BOG/LH, ratio of the recondenser is an essential value for these calculations.

The calculations for the pumps is already defined in section[/.5} For the pumps, performance curves are used
to determine the power. For the designed compressors by Burckhardt, operating conditions regarding the
inlet and outlet flows are given for the different cylinder stages. In addition, the shaft power for these stages
is provided.

With the inlet and outlet conditions of the cylinders, the isentropic efficiency can be calculated with equation
[157]. As mentioned before, it is assumed that the isentropic efficiency for the “cold” compressors operating
at extremely low temperatures is similar to the efficiency of the Labyrinth compressor designed by Burckhardt.

Mis = Ts[(Pq/Ps)F"V/k 1] /(Ty = To)  [%] (11)

Where 77;; is the isentropic efficiency, the subscripts s and d respectively represent the suction and discharge
flows of the compressor (or cylinder), with P equal to the pressure and T is the temperature in °R (Rankine).
Lastly, k is the ratio of the specific heats (Cp/Cv).

As the isentropic efficiency of the compressors is known, it is possible to determine the power, which can be
calculated with the following equations [68]:

oAby hgs o,
T = Ahir — hs—Iy % -
Pcomp = 11 % (h4 - hl) [kW] (13)
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Figure 40: Enthalpy-entropy graph of compression

Where Ahg is the enthalpy change of the isentropic compression, i.e. compression without losses. The Ahyot is
the enthalpy change of the real compression with losses, as is shown in figure 0|

To determine the required BOG/LH; ratio of the recondenser to ensure that the outlet flow is completely in
the liquid phase, the following equation is used:
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(14)
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where h is equal to the specific enthalpy, with subscripts BOG and LH, referring to the inlet flows, and
subscripts sat describes the saturated liquid enthalpy of hydrogen. c represents the percentage BOG mass
flow into the condenser, and z is a correction factor. This correction factor z is needed because a liquid that is
exactly at its saturation point has no available NPSH [124]. Since the HP pump requires some NPSHy to be
able to pump the liquid, the enthalpy value of the outlet LH, flow must be below the hg,; value. This value
can be calculated as the NPSHpR of the HP pump is known.
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9 LH, regasification process

Besides utilizing pumps and compressors to reach the desired pressure, a heat exchanger (HEX) is employed
to increase the temperature of hydrogen to meet the Backbone requirements. As stated before in chapter [4
the minimum temperature of the hydrogen supplied to the grid must be 5°C.

In this chapter, the LH, regasification process is analysed by first comparing the process with LNG and defin-
ing conventional techniques used for the LNG regasification process. Then the para- to ortho-hydrogen con-
version is discussed. The regasification equipment for LH, application is defined. Finally, the calculation
methods are explained.

9.1 Comparisons with regasification of LNG

The regasification process is typical for the LNG industry. However, that is not yet the case for LH, regasi-
fication, but they appear to have many similarities [61]. The main difference between the LNG and LH,
evaporation process is the lower temperature of LH,. The temperature of LH; entering the HEX is around 90
degrees lower than for the LNG case. Therefore, the temperature increase during the process is bigger. This
also affects the enthalpy difference, so more heat transfer is needed during the LH; evaporation process [158].
Furthermore, the material must be capable of handling the lower temperatures. The material cannot become
brittle and must be able to withstand a larger temperature gradient [22]. Another difference is the expansion
ratio. For hydrogen, this ratio is almost 850 as compared to the expansion ratio around 600 of natural gas [39].

Multiple regasification technologies are available for LNG application. Since the LNG regasification is a simi-
lar process to the LHj, these technologies are analysed. Regarding the location of the LNG-PS, the two most
conventional methods are either a "combustion heat vaporizer" or an "open rack vaporizer" (ORV) [25]. There
are also technologies with ambient air as a heat source, but in the Netherlands, where it can be cold, it is not
suitable [25].Moreover, using air as the heat source is not an option since liquid oxygen formation can occur,
which is hazardous [159].

Currently, at the LNG-PS, a combustion heat vaporizer is employed. This technology, as its name suggests,
uses heat from LNG combustion for heat transfer. As shown in figure 42} a hot water bath heated by the
submerged combustion burner vaporizes the LNG in the submerged tube bundle [160]. The emitted exhaust
gasses of the burner are fed into the water bath to increase the heat transfer by creating some flow and extra
heat [25]. This type of vaporizer is used at the LNG-PS because it can rapidly fluctuate the evaporation
process, which is desired for the current purpose of the Peakshaver [22]. However, a drawback of this process
is that it partly consumes the gaseous product for heat transfer, resulting in relatively low efficiency. For LNG
application, it consumes approximately 1,5 — 2% of the LHV of LNG [25]. Reusing the current combustion
heat vaporizer for the LH; regasification process is impossible, as explained before in chapter
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Figure 41: Principle of a heat combustion vaporizer [160].

The other common technology for the LNG regasification process is the Open Rack Vaporizer, where seawater
instead of combustion heat is used as the heat source. In the Open Rack Vaporizer, seawater flows on the
surface of panels with many heat exchanger tubes to vaporize the internal LNG, as is shown in figure
[25]. The advantage of this method is the higher efficiency, as it does not consume the gaseous product also
resulting in lower operational costs. Furthermore, this type of equipment is easy to operate and maintain
[160]. For this reason, it is the most used heat exchanger for LNG evaporation worldwide; as many as 95% of
the LNG terminals utilize this technology [25].
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Figure 42: Principle of an Open Rack Vaporizer with seawater as heat source [160].

A disadvantage of the ORV is the ice formation of seawater at the outside of the tubes, which causes a lower
thermal conductivity. The lower part of the tubes is subjected to ice formation, as this is the location where the
cryogenic fluid enters the vaporizer. To minimize the ice formation, the Super-ORV has been designed, which
has a double pipe structure at the lower part of the tubes, as can be seen in figure[#3} Due to the enhanced heat
transfer, the regasification capacity per heat transfer tube is three times higher than the conventional design
[161]. Furthermore, this regasification process requires less seawater. Importantly, utilizing seawater at a
temperature as low as 2°C is possible for LNG evaporation [162]], [163]. For the LH, regasification process, the
use of this design is promising as temperatures are even lower than LNG, meaning ice formation is a bigger
concern, which is avoided when using the Super ORV. Besides limiting the ice formation, the temperature
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gradient within the material of the tubes will be lower. For these reasons, employing a Super-ORV is the
desired ORV for LH; application.

Seawater Seawater
1 oHi— (3) NG warmed by seawater

. (2) LNG, warmed by NG, gradually
turning into gaseous phase

g
il | "
ne || N
3; v ¥ (1) LNG, warmed by seawater,
& o turning into gaseous phase
=TT
LNG

Figure 43: Tube design of the Super-ORV [161]

9.2 Para - ortho conversion during regasification

As described in section the para to ortho conversion does not occur during the regasification process
without adding a catalyst [61]. If no catalyst is added, a high concentration para-hydrogen, at least 98%, is
delivered to the hydrogen grid. As explained in section 3.2} supplying the para-hydrogen instead of "normal"
hydrogen to the grid has its advantages and disadvantages. In this section, a trade-off is made to determine if
utilizing a catalyst during evaporation is desired. First, the pros and cons defined in section [3.2]are summed
up. After that, these points are analysed to determine a solution.

The advantages and disadvantages of supplying para-hydrogen to the grid and not accommodating the para
to ortho conversion during regasification are the following:

+ The regasification process is less complicated as no catalytic reaction is required.
+ The energy consumption is lower because no endothermic conversion reaction takes place.

— The temperature of hydrogen gas in the grid can potentially drop below 0°C. Since the endothermic
conversion absorbs heat from the surrounding, the temperature of the hydrogen gas will decrease.

— The supplied energy content to the hydrogen grid is slightly lower. This is because the energy state of
the para-hydrogen is lower than that of the ortho-hydrogen.

9.2.1 Temperature drop issue

The main reason to add a catalyst during the hydrogen liquefaction process is to prevent the exothermic con-
version reaction from happening inside the LH; storage tank. Because the heat released by the exothermic
conversion could, in the worst-case, lead to 65% of the LH; volume to evaporate [59]. However, the question
is whether the heat absorbed by the endothermic para to ortho conversion resulting in the temperature drop is
a reason to add a catalyst to the regasification process. The send-out temperature of the hydrogen to the grid
is determined at 5°C because the temperature of gases in underground pipes must be above 0°C due to safety
regulations [57]. Considering the enthalpy of conversion, 523 kJ/kg, the hydrogen of 5°C could potentially
drop to -31,5°C due to the total endothermic conversion. However, this is only possible when no additional
heat transfer takes place, which is not the case in the underground H; pipelines.
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It is determined that the endothermic conversion will not cause the temperature of hydrogen in the grid to
drop below 0°C. This is because the heat flux into the pipe is significantly higher than the heat absorbed by the
conversion reaction. The maximum heat adsorption over time is deduced from figure [14, which is -0,00122
kJ/s*kg, assuming the conversion rate of para to ortho and ortho to para is equal [62]. This is a relatively
small value since the conversion rate is very low [59]. For example, it takes more than three hours to lower
the temperature by one degree. The heat flux of an underground natural gas pipe is around 60 W/m? [164].
Besides heat entering the pipelines through heat transfer with the soil, also the negative Joule-Thompson co-
efficient of hydrogen will add some heat. As explained in section the temperature of hydrogen will rise
as the pressure in the grid decreases, which is equal to 0,035°C/bar [57]. Alin all, it can be assumed that the
temperature decrease due to the endothermic conversion is not an issue.

9.2.2 Energy supply difference

As explained in section[?], para-hydrogen has a negative effect on the energy content of the hydrogen gas.
So, if the terminal delivers para-hydrogen to the grid, the energy supply is lower. The maximum difference is
0,37% of the HHV of hydrogen, taking into account the conversion enthalpy (523 kJ/kg) from para-hydrogen
(99,8%) to "normal" hydrogen [63]. This difference in energy content seems small, but given the terminal’s
considerable send-out capacity, it is still a factor to take into account. Looking at the baseload functions, in the
worst case the energy content delivered to the grid is 1,8 MW and 4,2 MW lower for a send-out of 490 MW
and 1140 MW, respectively.

The maximum energy difference is 0,37% of the HHV of hydrogen. However, over time this difference de-
creases as the spin isomer composition converts to a higher ortho-hydrogen concentration. For this reason,
the time it takes before the end-user consumes the hydrogen, affects the actual difference in energy content.
By defining the conversion rate with figure [14] an estimate is made of the difference in energy content over
time [62]. Results are detailed in the table below. Note that for the conversion rate, it is assumed that the rate
from ortho to para is comparable to para to ortho.

Table 11: Difference in energy content of the para-hydrogen compared to "normal” hydrogen over time.

Time after send-out Oh 1h 2h 4h 8h 16 h 24 h 48 h 180 h
Energy difference, % HHV 0,37% | 0,37% | 0,36% | 0,36% | 0,35% | 0,32% | 0,31% | 0,26% | 0,15%
ﬁ?]t/iagllpy difference 523 | 518,6 | 514,3 | 5057 | 490,7 | 4579 | 433,7 | 370,9 | 2092

Lower energy send-out [kW]
(for baseloadcase 1, 490 MW)
Lower energy send-out [kW]
(for baseload case 2, 1140 MW)

1809 1797 | 1780 1751 1697 | 1585 1502 1282 722

4186 | 4157 | 4118 | 4051 3926 | 3667 | 3475 | 2966 1670

It can be concluded from table|11|that the energy content difference of the supplied hydrogen remains more
or less the same for a considerable time, which is again a result of the low conversion rate of the spin isomers.
Another study determined the half-life of the conversion reaction at 4,87 days, which results in an even slower
reaction [165]. As the energy difference remains similar for a significant amount of time, it can be assumed
that the para-hydrogen send-out has still a lower energy content when consumed by the end-users. For this
reason, adding a catalyst might be a desired addition to the regasification process.

9.2.3 Additional heat required during the regasification process

The heat input required for the LH; regasification process at the terminal (at 50 bar, with desired output tem-
perature of 5°C) is equal to 3619 kJ/kg. However, the required heat input increases if a catalyst is added to
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ensure the endothermic conversion occurs. The extra heat is equal to the enthalpy of conversion, 523 kJ /kg.
So to accommodate the catalytic conversion reaction, the regasification process requires 14,5% additional heat
input. Note that since seawater is used as a heat source, the actual energy input is significantly lower.

9.2.4 Catalytic reaction/ reactors

Next to this additionally needed 14,5% heat input; the process equipment and philosophy are also affected
by adding a catalyst. The equipment must be able to accommodate the catalytic reaction. Multiple factors
can influence the design of the evaporator, such as the catalytic conversion rate and the type of catalyst. The
philosophy of the regasification process can also be affected by the catalytic conversion rate. For example, the
ability to quickly adapt the terminal’s send-out capacity is compromised when the catalytic conversion rate is
low. Below different catalytic conversion processes are analysed. However, in the literature, most information
can be found about the opposite isomeric conversion (ortho to para) as it is a relevant topic for the liquefaction
process. Since most catalytic reactions work in two directions [166], analysing these opposite conversions is
still appropriate.

To achieve the conversion, a magnetic field gradient is necessary to allow the spin isomer to flip [167]. The
hydrogen molecule itself has a small magnetic moment. However, a stronger magnetic moment will result in
a significant increase of the reaction rate. Therefore, a magnetic catalyst is used, which facilitates the magnetic
gradient. Metal oxides are suitable catalysts because the oxygen molecule has a large magnetic moment which
is about 2000 times that of hydrogen [64].

An example of a commonly used catalyst is lonex®-Type O-P Catalyst (Fe203), with an average price of $100
per kg [165]. This catalyst is used primarily during liquefaction, but it is also implemented for para to ortho
conversion [168]. According to the manufacturer, the catalyst will achieve a 46,5% or higher concentration
of para hydrogen during the liquefaction process, assuming 25% para-hydrogen is fed to the process [169].
However, before these rates can be achieved, the catalyst must be reactivated for 16 hours with a dry hydro-
gen flow at 160 °C [169]. Another commercially used catalyst is the OXISORB® catalyst, which consists of
chromium(II) oxide (CrO) attached to a silica carrier [170]. To regenerate this catalyst, again a hot flow of dry
hydrogen at 200 — 500°C is required [64].

In conceptual and existing hydrogen liquefaction plants, two types of catalytic reactors are used, namely the
"Continuous conversion catalyst-packed heat exchangers" and the "Adiabatic batch conversion beds" [171].
During the liquefaction process, multiple reactors are connected in series to reach the desired para concen-
tration [171]]. In Germany, a liquefaction plant uses four adiabatic reactors in series to reach a para-hydrogen
concentration of 95% [172]. For the para to ortho conversion, which is desired at the LH, terminal, it is as-
sumed that similar types of reactors can be used. However, besides the fact that multiple reactors are required,
also the pressure drop in the mentioned reactors can be significant [173]. To create a smaller pressure drop in
the packed bed reactors, a monolith structure can be used; nevertheless, these structures are costly [173]. If the
pressure drop is significant, adding a compressor after the catalytic reactor is necessary to reach the require-
ments of the grid. Implementing a hydrogen compressor after the regasification process is unwanted because
hydrogen compression requires a lot of power [24]. To handle a pressure drop of around 14 bar requires more
energy than the energy difference of para and ortho hydrogen. And when using the adiabatic reactor, an
additional HEX is needed as the temperature of the hydrogen drops during the endothermic conversion.

9.2.5 Conclusion

Although, the energy content of supplied para-hydrogen to the grid is a bit smaller than "normal" hydrogen,
namely 0,44% at worst, accommodating the para to ortho conversion at the terminal seems to be too compli-
cated, costly and energy-consuming to be competitive. It is complex because many additional processes are
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necessary, which also affect the terminal’s flexibility. A significant number of catalytic reactors is needed to
guarantee 100% supply to the grid. And additional heating equipment is needed for the reactivation process
of the catalyst. Regarding the energy consumption, some extra energy input is needed for the heat transfer, as
the endothermic conversion takes place. However, energy consumption for the para to ortho conversion is a
real issue if the catalytic bed reactor has a significant pressure drop. Meaning additional hydrogen compres-
sion is required. So as long as there are no requirements for the hydrogen grid, it is assumed that converting
the para to ortho hydrogen at the terminal is undesirable.

9.3 Potential LH; regasification processes at the terminal

For the regasification process at the proposed LH; terminal, a Super-ORV with seawater as the heat source is
assumed to be the best option. As explained before, this type of vaporizer is also favourable for LNG termi-
nals as it is easy to operate and maintain. It is possible to quickly adjust the evaporation capacity needed for
the flexible send-out of the terminal. Furthermore, the energy consumption is low because only the seawater
pumps require power. Lastly, for the lower temperatures of LH,, the enhanced heat transfer of the Super-ORV
design is desired.

Currently, there are no Super-ORV designs capable of LH; regasification. This is mainly because the operating
temperatures of the ORV are designed for LNG application. As described in chapter 3] the lower temperature
of LH, entering the vaporizer results in a larger temperature gradient in the material, which could lead to
additional stresses in the HEX material. For this reason, a material study has to be carried out to determine
which material is suited for the Super-ORV. Currently, aluminium alloys are employed as tube material. A
factor of interest is the decreasing thermal conductivity of the aluminium alloy at lower temperatures [174].
However, this is out of the scope of this research. Therefore, it is assumed that the vaporizer’s material can
withstand the larger temperature gradient and has sufficient thermal conductivity.

When using a Super-ORV heat exchanger, seawater is cooled during the evaporation process. Due to envi-
ronmental regulations, the seawater temperature should not drop more than 5°, which limits the capacity of
the evaporator. However, if seawater is heated before entering the Super-ORYV, the temperature drop may be
greater.

Instead of cooling seawater there are also options to utilize the cold exergy of the LH;. The liquefaction
process of hydrogen requires around 20% of the HHV of hydrogen [26]. By utilizing the cold exergy during
the evaporation process, some of the energy used for liquefaction can be recovered. There are multiple ways
to use cold exergy during the evaporation process, which is discussed in chapter 10|

9.4 Calculation

For the LH; terminal design, it is important to determine how many Super-ORVs are needed for the different
send-out cases. In this section, the calculations for the heat transfer and the assumptions of the Super-ORV
are described. Thereafter, the evaporation capacity of one Super-ORV is defined with a corresponding cost
estimation.

From data of an LNG ORY, it can be assumed that there is no heat transfer with the surrounding [175]. So,
the heat transfer only takes place between the heat source and heat sink: seawater and (liquid) hydrogen
respectively. In addition, the Super-ORV is presumed to be an isobaric process. With these assumptions and
considering the counter-current design of the Super-ORYV, the energy balance of the vaporizer is as follows:

Ti’lp * (h2 - h1) + 1’f”ls * (h4 — l’lg) =0 [kW] (16)
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Q, T-diagram

Figure 44: Q,T-diagram of a counter current flow

Where 11 is the mass flow, and the subscript p is the primary flow, in this case the LH;. The subscript s is
the secondary flow, as is shown in figure 44} in this case the seawater. The / is the specific enthalpy with
the subscripts used in the same way as shown in figure [44] Therefore subscript 2 refers to the primary flow
output and subscript 1 to the primary flow input. Subscripts 3 and 4 are the specific enthalpy of the seawater
of respectively the input and output. The energy balance is equal to zero since there is no heat transfer with
the surrounding.

The enthalpy difference of the hydrogen flow stays constant due to the fact that the input and output tem-
peratures remain similar. The hydrogen input temperature is around -245°C, and the desired send-out tem-
perature is defined at 5°C. For seawater, the temperature cannot drop more than 5°C due to environmental
regulations, as mentioned before. This means that the enthalpy difference of seawater also remains about the
same. However, in winter, when the sea temperature is low in the Netherlands, it happens that the tempera-
ture drop of 5°C is no longer possible. In that case, the heat transfer decreases resulting in less vaporization
capacity of the Super-ORV [163]]. On the other hand, when the temperature drop of seawater can exceed 5°C,
the evaporation capacity will increase.

The maximum vaporization capacity of one Super-ORV has to be defined to determine the total number of
vaporizers necessary for the regasification process. Since there are no Super-ORVs available for LH, regasifi-
cation, an estimate is made using data from LNG equipment. The maximum vaporization capacity for LNG
ORV is typically around 300 t-LNG/h (83,3 kg/s), with a maximum seawater mass flow of 7000 t-seawater/h
[162], [175]. Assuming the seawater mass flow is similar for the LH, Super-ORYV, the max vaporization capac-
ity can be determined. As explained above, the seawater temperature drop influences the vaporization ca-
pacity. For this reason, different vaporization capacities have been defined for various seawater temperatures
drops and flows. The results of the vaporization capacity with corresponding seawater flow and temperature
is shown in figure 45| The seawater mass flow ranges from 2500 to 7000 t/h because the ORV has a limitation
on the minimum seawater mass flow to ensure sufficient heat transfer [175]. For the LH, flow, there are no
restrictions on the minimum flow [175].
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Seawater flow rate vs. LH, flow rate
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Figure 45: Seawater flow rate vs. LH, flow rate, for various seawater in-and outlet temperatures.

From figure 45| it can be concluded that the maximum vaporization capacity of a Super-ORV for LH; regasifi-
cation is significantly smaller compared to LNG. When vaporizing LNG, the maximum vaporization capacity
is around 83 kg/s, and for LHy, it is only 21 kg/s. This is mainly due to the lower temperature of LHy, re-
sulting in a larger enthalpy difference. Nevertheless, these capacities are sufficient for the requirements of the
LH, terminal.

In addition, figure[d5|shows that the seawater temperature drop of the Super-ORV significantly influences the
vaporization capacity, as expected. Therefore using waste heat from nearby plants to heat the seawater flow

could be desired, as this provides the opportunity to have a more significant seawater temperature drop in
the Super-ORV

The energy input for the vaporization is equal to the energy consumption of the seawater pump. This pump
increases the pressure to 3 bar, sufficient to supply the seawater to the Super-ORV. The isentropic efficiency of
the pump is assumed to be 0,75%. The required work for the seawater pump can be calculated with equation

PSW—pump = 1% (hz - hl) [kW] 17)
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10 Cryogenic exergy utilization

During the hydrogen liquefaction process, a lot of energy is consumed to decrease the temperature of hydro-
gen. This liquefaction process requires around 20% of the HHV of hydrogen [26]. Recovering some of this
energy during the regasification process would be beneficial. Nonetheless, the previously described conven-
tional regasification technologies in chapter [9] do not use the cold exergy. In this chapter, the cold exergy of
LH, is determined and compared with LNG. Furthermore, potential options to utilize the cold exergy are
explained, and results are given regarding the most promising power cycles to recover the thermal exergy.

10.1 Exergetic potential

To understand the potential cold energy, the exergy value of a fluid is first explained. Exergy is a thermo-
dynamic value that shows the maximum amount of work that a subsystem can deliver as it approaches
thermodynamic equilibrium with its surroundings by a reversible process [176]. Meaning, the exergy of a
substance increases in case the thermodynamic state of the substance moves further away from the thermo-
dynamic equilibrium of the surroundings. The exergy content can be divided into several types. However,
for cryogenic fluid streams like LNG (and LHj), only the physical and chemical parts are considered, as is
shown in the equationbelow [177].

E = EP" + B = gin(ex?" + ex)  [M]] (18)

Where i1 is the mass flow, and subscript ch and ph represent chemical and physical, respectively. The chemical
exergy of LNG and LH, can be determined with equation|19}

ex" = Ex LHV  [M]/kg] (19)

Where LHYV is the lower heating value and ¢ is the ratio of chemical exergy to LHV. For LH; and LNG, this
ratio is respectively 0,985 and 1,06 [178]. Considering the LHYV, the chemical exergy for LNG is then equal to
58,9 MJ/kg, and LH; equals 118,1 M]/kg.

The physical exergy can be calculated by equation 20} and as this equation shows, it can be broken down into
mechanical and thermal exergy [162]. The mechanical exergy (ex™) describes the pressure component, and
the thermal exergy (ex”) is related to the low-temperature.

exP = exT +exM  [M]/kg] (20)
ex” = (hr,py — h1y o) = To(5T,pp — STy o) [MJ/KG] (21)
ex” = (hTo,P - hToJio) —To (STo,p - STo,Po) [M]/kg] (22)

Where h represent the specific enthalpy and s describes the specific entropy of the flow, subscript 0 represents
the reference environment state. As can be deduced from equation 20} a higher regasification pressure gives a
higher mechanical exergy value, which results in less thermal exergy available to utilize.

The chemical exergy and all components of the physical exergy are calculated and detailed in table[12] For the
calculations, the surrounding conditions are set to 101,325 kPa and 298,15 K. The LH; (and LNG) entering the
regasification process is defined at 50 bar with the corresponding temperature, assuming the cryogenic pump
has a 75% isentropic efficiency.
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Table 12: Exergy content of LNG and LH, at 50 bar and an isentropic efficiency of 75%. Determined with CoolProp [179]
and Matlab [180]

LH, LNG
Exergy content Exergy [k]/kg] | Pct. [%] || Exergy [k]/kg] | Pct. [%]
Chemical exergy 118.100 91,1 56.816 98,1
Physical exergy 11.536 8.9 1.088 1,9
- Thermal part 6.787 52 498,67 0,9
- Mechanical part 4.749 3,7 589,63 1,0

As can be seen, the percentage of physical exergy of LNG is less than 2% of the total exergy. According to
Atienza-Mdrquez, this is one of the main reasons why the low-temperature exergy is rarely recovered during
the LNG regasification process [162]. However, the physical exergy potential of LNG is not negligible and can
be utilized in various applications. This is the reason why currently more investigation is done regarding this
topic [162].

The thermal exergy of LH; has a significantly higher percentage than LNG, which can be explained by its
much lower temperature. This makes utilizing the low-temperature exergy of LH, very promising to be
economically competitive and is therefore evaluated in this research.

10.2 Methods to recover the thermal exergy

Conventional LNG regasification methods do not utilize the physical exergy. However, as indicated by
Atienza-Mdérquez, the public opinion about recovering this exergy has changed [162]. This is reflected in the
increasing amount of scientific research on this topic, which has increased significantly in the last few years
[162]. There are multiple technologies and applications that can utilize the physical exergy. Nonetheless,
in this report, only the component of the low-temperature exergy recovery is investigated. For the thermal
recovery of LNG, various implementations at different temperature ranges are shown in figure[#6} Similar ap-
plications are available during the LH; regasification process and potentially other options due to the lower
temperature of LHj.
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Figure 46: Temperature levels for several applications that can use the cold from LNG-regasification [181].
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As can be seen, a large variety of applications are available to utilize the thermal exergy. However, evaluating
all possibilities is too extensive for this research and out of scope. Therefore, some boundary conditions have
been drawn up:

* Synergy with other plants is not considered.
¢ Potential hazardous processes are not evaluated.

® Only the thermal exergy of the baseload send-out function is recovered.

Many implementations are possible for synergy with nearby industrial plants, such as refrigeration and cryo-
genic CO; capturing and liquefaction [181]]. Furthermore, cryogenic air separation could be very interesting
and profitable in the harbour area, as there are a lot of chemical plants. However, determining the needs of
other nearby plants is out of the scope of this research. The second boundary condition eliminates cryogenic
air separation because the production of liquid oxygen at an LH; plant is a dangerous combination [159].

In addition, the send-out rate of the terminal also influences the choice of a suitable application. For the
baseload send-out function, the LH; flow is constant, and so is the available thermal exergy. But in case the
send-out rate of the terminal fluctuates, which happens during the Peakshaver function, the thermal exergy is
also a varying value. As shown in figure[#7] some techniques require constant send-out, and others can cope
with fluctuating conditions [182]. But to exploit the thermal exergy peaks is challenging to accomplish. Taking
into account that the Peakshaver function, which operates for a short amount of time delivering significant
peaks, it is assumed that the fluctuated send-out rate of the LH; terminal is not available for thermal exergy
utilization. Therefore, only the thermal exergy recovery of the baseload function is investigated in this re-
search. The regasification process for the Peakshaver send-out will be covered with conventional equipment,
which is capable of handling the rapidly changing send-out rates.

PHYSICAL EXERGY FRACTION DIFFICULT TO BE USED

CRYOGENIC POWER GENERATION

LNG-REGASIFICATION RATE

CRYOGENIC AIR SEPARATION, CO, LIQUEFACTION, ETC.

TIME

Figure 47: LNG demand variation and available fraction for some applications [162]

Two applications remain suitable for thermal exergy recovery, given the boundary conditions and the fact that
only the thermal exergy of the baseload is available. The first one is electrical power production, which can
be achieved by various cycles such as a Brayton cycle and Rankine cycle. The second option which will be
discussed is liquid nitrogen production. As mentioned in chapter 2} the LIN storage tank at the terminal site
remains operational. Currently, the LIN tank is filled by trucks, so producing LIN at the terminal site would
be beneficial.

10.3 Cryogenic power generation

The thermal exergy can be converted into electrical power by using the low temperature of LH; as a heat
sink in a thermodynamic cycle. A thermodynamic cycle can produce electrical power because the pressure
increase requires less work than the turbine generates during expansion [97]. This is possible because the
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working fluid (of the thermodynamic cycle) is cooled down before compression and heated up before expan-
sion, illustrated in figure

The heat sink can be used for the LNG case in a temperature range of -160°C till -20°C [183]]. For LHj, this
heat sink temperature window is even wider as the pumped LH; entering the regasification process will be
around -245 °C. This very low temperature also results in complexity because there is a risk that the working
fluid will crystallize in the condenser. For this reason, only two working fluids are considered to operate in
the lowest temperature domain, namely helium and nitrogen (as is shown in figure[#8). Helium as a working
fluid is selected because its boiling point is even lower than hydrogen, so crystallization cannot be an issue
[19]. Nitrogen could potentially crystallize because its freezing point is at -210°C, whereas the LH; entering
the condenser is around -245°C [19]. However, in a study conducted to determine feasible working fluids for
LNG exergy recovery, a maximum temperature difference was defined between the cold flow and the freez-
ing point of the working fluid to avoid crystallization in the condenser [184]. Since the temperature difference
of the LH; entering the condenser and the freezing point of N2 is within the range defined in this study by
Atienza-Mdérquez et al. [184], it is assumed that crystallization will not be a problem provided the condenser
is appropriately designed [185].

In order to recover maximum thermal exergy, two power cycles in series are considered. The first power cycle
operates in the lowest temperature regime of the LH; heat sink. The second cycle is employed to operate in
the intermediate temperature range, as is shown in figure As mentioned, for the first cycle, nitrogen or
helium is used. The working fluid for the second power cycle is either methane or ethylene. These last two
working fluids have been selected based on the existing knowledge of thermal exergy recovery from LNG, as
the intermediate temperature range (T5 till Tg) is comparable at this stage [162], [186].
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Figure 48: Schematic overview of the two power cycles in series.*cold temperature range (T4-T5), intermediate
temperature range (T5-Ts) [162].

The working fluid, methane, is selected because this fluid is most suited to recover the thermal exergy of
LNG from -160°C to -130°C, according to Atienza-Mdarquez [162]. The T-s graph of the proposed methane
RC is illustrated in figure which has a higher and lower pressure of 105,3 and 7,5 bar, respectively. The
thermal efficiency of this cycle is 30,2% [[162]. Another study conducted by Ferreiro Garcia et al., showed that
a methane RC could also recover the thermal exergy at a higher temperature window of the thermal exergy
of LNG [187]. This is possible because the working fluid operates at higher pressures (191 and 40 bar for the
higher and lower pressures, respectively), which results in the opportunity to use the thermal exergy of LNG
from -122 till -75°C [187]. However, as can be concluded from figure 9} the higher pressure domain has a
negative effect on the thermal efficiency as it is only 20%.
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Figure 49: T-s diagrams of the RCs operating with methane. In back the RC proposed by Garcia et al. [187], in red the RC
of Atienza-Marquez [162].

Lastly, ethylene has been selected to investigate as a working fluid for the second power cycle. Considering
the boiling point of ethylene, it would be possible to utilize a larger temperature window of the hydrogen
heat sink. Meaning the temperature of Ty, illustrated in figure 48| could be higher. This is beneficial because,
in this way, more thermal exergy of the LH, flow is utilized.

Table 13: Thermophysical properties, environmental data and safety group of candidate fluids [184], [[188]

Fluid Type | Tg [°Cl | NBP [°C] | T [°C] | P, [kPa] | GWP | Safety group
Helium | I.C. 271,38 | -268,93 | -267,95 288 - Al
Nitrogen | 1.C. -210 -195,8 -146,95 3400 - Al
Methane | I.C. -182,46 | -161,48 -82,59 | 45992 23 A3
Ethylene | HC -169,16 | -103,77 9,2 5041,8 <20 A3

Two different types of thermodynamic power cycles are investigated to recover the thermal exergy, namely
a (closed) Brayton-cycle (BC) and a cryogenic Rankine-cycle (RC). The closed BC is required when helium is
the working fluid because a BC is suitable for a working fluid that remains in a gaseous state throughout the
cycle, which is the case with helium [189]. For the other proposed working fluids, an RC is needed. In the
RC, the working fluid is liquified in the condenser, making it possible to use a pump instead of a compressor
to increase the pressure [190]. Employing a pump instead of a compressor is preferable, in most cases, as
pumping requires relatively less power to increase the pressure, as can be concluded from the corresponding
T-s diagrams shown in 50}
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Figure 50: Schematic overview of the proposed power cycles.

Seawater is selected as a heat source for the proposed power cycles because seawater requires no synergy
with other plants. As seawater is at ambient conditions, it is impossible to fully utilize the cold exergy be-
cause there must be a temperature difference between the heat source and heat sink—the more significant the
temperature difference, the higher the thermal efficiency [97]. Therefore, the cold exergy of LH, near ambient
conditions is not available to utilize, as shown in figure If the heat source had higher temperatures, it
would be possible to convert this part into electrical power as well.

Since seawater is the heat source, working fluids with a relatively high normal boiling point, such as propane,
are not eligible because it provides a low thermal efficiency [184]. These working fluids are feasible if the
temperature of the heat source would be higher. Also, due to environmental aspects, some working fluids are
not suitable to employ, such as R14 [184].

10.4 Liquid nitrogen (LIN) Production

Specifically for this proposed LH; terminal, the production of LIN is a valuable addition as the plant must
continue to store and use LIN for other purposes. Nowadays, the LIN is delivered by trucks, however, the
LIN can also be produced at the terminal site by utilizing the cold exergy of LH,.

Cryogenic air separation is the most efficient way to produce LIN, but during this process liquid oxygen is
also formed [192]. The formation of liquid oxygen at an LH; terminal is hazardous, which makes cryogenic
air separation an unwanted process. Luckily, there are multiple other air separation technologies available
to extract nitrogen from the air, such as adsorption, membrane or chemical processes [193]. These processes
produce oxygen-enriched air, but unlike the cryogenic air separation, these processes can take place further
away from the hydrogen equipment. In order to prevent oxygen-enriched air from coming into contact with
hydrogen equipment, the air separator must be placed at a certain distance. In view of the AIGA 067/10, it
has been determined that the terminal has sufficient space to build an air separator on-site (Argent et al., n.d.).

The most common process to extract nitrogen out of the air is pressure swing adsorption (PSA), which is
considered in this report as well [193], [194]. The PSA process is illustrated in figure[51]and can generate high
purity nitrogen, up to only 1 ppm of oxygen contamination [195]. The generated nitrogen gas can be delivered
at 4 till 9 barg [195].



70 10.5 Regasification configuration set-ups

o
atmosphere PSA Nz-buifer

Adsorber A Silencer Adsorber B
Q

—— Compressed air
. Niltogen
— wzste gas

Figure 51: Pressure Swing Adsorption Design for nitrogen generation .

After the PSA, the produced nitrogen is fed into a condenser, where the cold exergy of LH; is used to liquefy
the nitrogen. Because the LIN demand is not constant and the required LIN production is relatively small,
there is room for other processes to utilize the thermal exergy of LHj. So this process can be combined with
the power cycles explained before.

10.5 Regasification configuration set-ups

In this section, the configurations of the different power cycles are described with associated assumptions
and operating parameters. As is mentioned in section it is assumed that two power cycles in series are
recovering the thermal exergy. The first power cycle is either a helium BC or a nitrogen RC, as they utilize the
lowest temperature range of the LH, thermal exergy. The second power cycle, which converts the intermedi-
ate temperature of LH; into electrical power (T5 till Tg of figure 48) is a methane or ethylene RC. The liquid
nitrogen production is defined as an extension of the nitrogen RC.

The closed Brayton Cycle, with helium as working fluid, is shown in figure As helium remains gaseous
throughout the cycle, a compressor is employed to increase the pressure. Ideally, this compression takes
place at very low temperatures [97]. However, similar to hydrogen compression, it is very complicated to
compress helium at extremely low temperatures. In literature, the lowest operating temperature for a helium
compressor is around -190°C, with a maximum pressure ratio of eight [196]. Therefore, a constraint on the
temperature of helium entering the compressor has been defined. This constraint has significant effects on
the efficiency of the power cycle and the required mass flow of the working fluid. The hydrogen outlet
temperature is specified at -194°C. This temperature is well suited in combination with a second power cycle
in series because a significant amount of cold exergy is conserved, and the potential issue of crystallization
of the working fluid for the second cycle is eliminated. Two turbines and seawater HEXs are employed to
improve the efficiency of the BC.
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Figure 52: Overview of the proposed configuration of the Brayton cycle, with helium as the working fluid.

Next, the cryogenic Rankine cycles are described. All three RCs have a different working fluid, but the system
configuration is similar, which is depicted in figure 53| In the RC, two turbines are employed to expand the
working fluid. Besides the higher efficiency of the RC, using two turbines is also necessary to make sure that
the working fluid remains in the vapour phase, because during expansion, the temperature of the working
fluid decreases significantly. Furthermore, some general constraints are defined for the condenser to ensure
condensation occurs without the issue of crystallization. These constraints regarding the condenser are in line
with the conditions specified in the study conducted by Atienza-Marquez et al., which investigated feasible
working fluids to recover the thermal exergy of LNG [184].
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Figure 53: Overview of the proposed configuration of the Rankine cycle, with nitrogen as the working fluid.

¢ The condensing temperature of the working fluid (1a) has to be at least 5°C lower than the temperature
of the hydrogen exiting the condenser (2) in order to ensure condensation in the condenser takes place.

* The temperature difference between the freezing point of the working fluid and the LH; exiting the con-
denser (5) cannot be higher than 35°C to prevent the working fluid from crystallizing in the condenser.
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® The critical temperature must be larger than the condensing temperature. Otherwise, condensation is
not possible inside the condenser.

Knowing the constraints for the condenser, the nitrogen RC can be discussed. For the nitrogen RC, utilizing
the current process equipment of the LNG-PS is possible, such as the liquid nitrogen (LIN) pumps. For this
reason, a maximum pressure increase of the LIN pump in the RC is defined at 81 bar, which is similar to the
existing LIN pumps. Besides the general RC, also a nitrogen RC with a recuperator heat exchanger has been
investigated, as shown in figure (54| This recuperator HEX improves the heat usage within the cycle resulting
in higher efficiencies. Furthermore, an enhanced nitrogen RC can produce LIN by attaching a PSA to the
cycle. Results of this configuration producing 0,5 kg/s LIN, are presented in Appendix However, for
clarity reasons, it is not further evaluated in this chapter.
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Figure 54: Overview of the proposed configuration of the nitrogen Rankine cycle, with recuperator.

The cycles available to operate as the second power cycle in series are the methane and ethylene RCs. The
configuration of these RCs is similar and is shown in figure[53] Like the nitrogen RC, there are also possibilities
to reuse current LNG equipment for the methane RC. For this reason, the maximum pressure increase of the
methane pump is set at 81 bar.

10.6 Modelling and calculating performance cryogenic power cycles

The power cycles are modelled in order to determine the performance characteristics of those cycles and to
define the net power production. The aim of these calculations is to define the most efficient power cycle
considering the given constraints. As explained in section the calculations are carried out with the
simulation software Aspen Plus [197]. The following assumptions have been made in the power cycle models,
which is partially derived from the study conducted by Atienza-Marquez et al. [184]:

General

¢ The process is at steady-state, as only the thermal exergy of the baseload send-out is recovered.
¢ Potential and kinetic exergy are not taken into account.
® Pressure and thermal losses are neglected.
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Cooler/Condenser
* Hydrogen outlet temperature 1%t cycle (stream 5), -194°C.

* The working fluid leaving the condenser is assumed to be at a saturated liquid state, meaning the vapour
fraction is zero.

e Hydrogen outlet temperature 2"¥ cycle (stream 6), Ty, — 5°C. Meaning the hydrogen outlet temperature
is five degrees lower than the boiling point of the working fluid to ensure condensation. (This is also the
case for the nitrogen cycle).

SW Heater
* The composition of seawater is assumed as regular water.
* Seawater inlet/outlet temperature is defined at 14°C / 9°C.
* Operating pressure seawater stream, 3 bar.
* Outlet temperature working fluid, 5°C.

Compressor/pump/turbines
* The isentropic efficiency of the compressor, pump and turbine: 78%, 75% and 85%, respectively.
¢ Minimum inlet temperature helium compressor is set at -190°C.
* Mechanical and electrical losses are not considered.
¢ The seawater pump increases the pressure up to 6 bar.

Recuperator
* The minimum temperature approach within a recuperator HEX is 15°C.

The heat transfer rate of the heat exchangers of the power cycles is calculated with equation 24} using the
energy balance.

Q = 1t (hiin — hiput) = 11t (hjour — hjin) — [kW] (23)
The next step is to determine the energy production of the power cycle. The compressors and pumps consume
power, and the turbines generate power. The heat exchangers do not consume energy, besides seawater

having to be pumped to the HEX. The additional power for seawater pumping is added in the equations. The
equations to determine the net power production of the power cycle are shown below:

Pnet = Zpturbine - Z Pcompressor - Z Ppump [kW] (24)

A general performance characteristic of a power cycle is thermal efficiency. Equation [25|is used to calculate
this value.

Pnet

=g [%] (25)

m

Qi is equal to the heat transfer in the heat sink, which is the heat transfer of the hydrogen flow to the cycle’s
working fluid.

In addition to the efficiency parameter, also performance indicators regarding the working fluids are defined.
The first indicator is the specific energy produced per tonne regasified LHy, Pyt /711 1,. The second value of
interest is the required mass flow rate of the working fluid, as it gives insight into the size of the power cycle
system. For this the following performance value is defined, ity / Pyet.

Another performance indicator of interest is the overall net power production of the cycles in relationship with
the hydrogen energy supplied to the grid. As only the baseload send-out is taken into account, the energy
supply to the grid is either 490 MW or 1140 MW. This value gives an indication of the energy production
compared to the energy send-out to the grid.
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[%] (26)

Above the performances of the individual power cycles are evaluated. However, to define the overall power
generation during the regasification process and to give insight into the overall performance of the power
cycles, equation [27] is used. The most efficient power cycle configuration can be defined with this value,
considering the first and second cycle.

Pnet,tot - Pnet,RCl + Pnet,RC2 [kW] (27)

The defined performance characteristics are influenced by the system configuration of the power cycle. Espe-
cially the pressure ratios of the power cycle have a significant effect on these performance values. Sensitivity
studies are carried out with the simulation programme Aspen Plus to determine the most efficient cycle con-
figuration. The results of the most efficient cycles are discussed in the next section.

10.7 Results & discussion - Power cycles

In this section, the results regarding the cryogenic power cycles are presented and discussed. This is done
by first evaluating the different power cycles separately. After that, various combinations of the two power
cycles in series are defined.

The tables present the results of the power cycle characteristics. These results are detailed for the most effi-
cient cycle set-up obtained with the Aspen Plus optimization software [197]. Besides the cycle characteristics,
more information regarding the thermodynamic data and HEXs can be found in the|E| The results shown in
this section are related to the 490 MW baseload send-out function of the terminal, which has an LH; mass
flow of 3,46 kg/s. Since the calculated values are in a linear relationship with the send-out capacity, an easy
comparison can be made for the other baseload case.

Given the baseload function, the temperature of the pumped LH; (50 bar) entering the cooling HEX of the
first power cycle is around -245°C. The temperature of the hydrogen stream leaving the cooler depends on
the employed power cycle.

The results of the Brayton cycle with helium as the working fluid, are shown in table The thermal effi-
ciency of 21% is relatively low which is mainly due to the minimum temperature limitation of the helium
compressor [196]. Another striking value is the ideal pressure rise of the cycle, which is small compared to
the other proposed cycles. This is due to the fact that during compression, the temperature of the working
fluid increases significantly, which results in the fact that compression consumes more work in later stages.
To reach higher pressures, intermittent cooling during the compression stage is recommended. This could
potentially also increase the thermal efficiency of the cycle.

Table 14: Results of the helium Brayton cycle, where the LHj, stream (mass flow 3,46 kg/s) is heated from -245°C to

-194°C.
st cycle - Helium BC | Q;, Pret Nin Puet /1itpH, | Mwr/Puer | Seawater | pump/turbl/turb2
Units KWI [ kWT | [%] | [K/kgl | Tkg/MJ] | [kg/s] [bar]
Helium 2871 | 604 | 21,0% 175 747 167,28 17/10/4

The Rankine cycle with nitrogen as a working fluid can reach high thermal efficiencies, up to 61,4% for the
general RC configuration. And if a recuperator heat exchanger is employed, an even higher thermal efficiency
can be achieved, namely 74,8%. Taking into account all performance values, the nitrogen cycle is favourable
in every aspect over the helium BC, apart from the seawater consumption.
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Table 15: Results of the nitrogen Rankine cycle, where the LH; stream (mass flow 3,46 kg/s) is heated from -245°C to

-194°C.
st cycle - Nitrogen RC | Qj, Pyt Nth Puet /1t H, | 1iwr/ Pret | Seawater | pump/turbl/turb2
Units [KWT | kW] | [%] | [KI/kgl | [kg/MI] | [kg/s] [bar]
N2 - Rankine cycle 2871 | 1763 | 61,4 510 6,29 223 81/32/2
N2 - RC recuperator 2871 | 2147 | 74,8 621 6,29 241 81/34/2

The performance of the second power cycles is shown in table(16] As is depicted, methane as a working fluid
results in higher thermal efficiency. Nevertheless, the ethylene RC produces more electrical power since it can
consume more heat (Q;,,). This is because the boiling point of ethylene is higher than that of methane, and
therefore the temperature of the hydrogen leaving the condenser can be higher. Hydrogen exiting the second
condenser is -157,5°C and -101°C for the methane and ethylene Rankine cycle respectively.

Although the net power production for the ethylene RC is considerably larger, it is assumed that the methane
RC is the favourable cycle to deploy as the second power cycle at the proposed LH; terminal. This is since the
equipment to accommodate the methane cycle can be significantly smaller. This can be seen from the working
fluid performance value, rityr / Pyer, which shows that the methane mass flow can be smaller than the ethylene
flow. In addition, the results of the HEXs also prove that a significantly larger amount of equipment is required
for the ethylene RC. The results of the HEXs used in the power cycles are shown in Appendix [E} The smaller
equipment size results in a lower CAPEX, which is desirable.

Table 16: Results of the 2"4 power cycle in series. With the LH, mass flow equal to 3,46 kg/s.

2nd cycle - RC Qin Pret i Pyet /1t H, | MwE/ Pret | Seawater | pump/turbl/turb2
Units [KWT | TkWT | %] | [/kgl | [kg/MJ] | [kg/s] [bar]
Methane (-194/-157,7°C) | 1628 | 742 | 45,6 214 3,85 114 81/32/2
Ethylene (-194 / -101°C) 4155 | 1077 | 25,9 311 9,60 233 29/12,9/1,5

The next step is to determine the total net power production of the combined cycles in series. The results of
the different combinations are presented in table[17] For the nitrogen RC, the cycle with a recuperator is used.
As expected, the highest overall power is generated with the nitrogen and ethylene Rankine cycles in series.
Nevertheless, the nitrogen and methane Rankine cycles in series perform also very well, with relatively low
CAPEX for the methane cycle, as mentioned above. For this reason, the nitrogen-methane Rankine cycles in
series are selected as the most suitable power cycles to recover the cold exergy at the LH; terminal.

Table 17: Overall results of the two power cycles employed in series to recover the thermal exergy. With the LH, mass

flow equal to 3,46 kg/s.
Power-cycles Pret ot IKWT | 113y, 101 [%] AT [°C] Pret tot / (HHV x 1i1) [%]
Helium-methane 1346 29,9% -245 / -157,7°C 0,27%
Helium-ethylene 1681 23,9% -245 / -101 °C 0,35%
Nitrogen-methane 2889 64,2% -245 / -157,7°C 0,59%
Nitrogen-ethylene 3224 45,9% -245 / -101 °C 0,66%

As the power cycles generate a significant amount of energy, the LH; terminal can potentially be energy neu-
tral or even energy positive (generate energy). In this study, only the thermal exergy of the baseload send-out
function is assumed to be available for recovery. Nevertheless, as is shown in figure |47} the power cycles can
also handle some flexibility. For the proposed terminal, this is explicitly the case because LIN is stored on the
terminal site. This provides the opportunity to add extra nitrogen to the RC easily and quickly from the LIN
tank, which makes it possible to adjust the RC to fluctuating send-out capacities.
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Furthermore, an even larger amount of thermal exergy could be recovered when considering synergy with
nearby plants. For example, utilizing waste heat could result in higher efficiencies of the power cycles, and
potentially a third cycle in series would be an option. Another possibility to use more thermal exergy is to
operate the power cycle in a higher pressure regime, as explained in section This is not considered in
this study, because reusing the current equipment was desired. Nevertheless, a higher pressure regime could
increase the temperature window of the hydrogen heat sink (lower T4). An example of a higher pressure
regime (105,3 — 32 — 7,5 bar) of a methane RC is given in Appendix The efficiency of the cycle is lower
(30,5%), but the net power production is higher, namely 803 kW instead of 742 kW.

10.8 Conclusion

The thermal exergy of LHj is high compared to LNG: 5.2% and 0.9% of the total exergy, respectively, as shown
in table[46] Therefore, utilizing this cold exergy is desired and can have a considerable impact on the efficiency
of the terminal and the overall hydrogen import chain. Indeed, having an energy positive hydrogen import
terminal would be a great advantage over the other hydrogen import methods. However, currently, little re-
search has been done on the utilization of the cold exergy of LH;. Due to the lower temperatures, differences
in recovery methods can be expected compared to the LNG case. For this reason, it is recommended to do
further research on this topic.

In this chapter, thermal exergy recovery with the help of power cycles has been investigated. It is found that
the nitrogen (recuperator) and methane Rankine cycles in series are the best solutions to recover the cold
exergy of the LH, baseload stream. However, note that safety measurements, equipment selection and an
enhanced cost evaluation are not considered, as it is beyond the scope of this research. In particular, the cost
efficiency of the power cycles is an essential factor to determine the feasibility of recovering the cold exergy.
In addition, synergy with other plants and enhanced power cycles, for example producing LIN, also require
further research.

The results of the power cycles are used in the calculations to determine the desired terminal design in chapter
The results obtained in that chapter show that the LH, terminal is energy positive when using the power
cycles.
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11 Simulations description

The main purpose of this research is to design a suitable LH; terminal on the LNG-PS site. After analysing
the separate process components of the LH, terminal in the previous chapters, the next step is to use this in-
formation in the simulations. These simulations are performed to gain insight into specific indication values
of the terminal, such as the required process equipment and the efficiency of the LH, terminal. With these
data, selecting the suitable LH, terminal design is possible.

This chapter describes the different terminal designs which are selected to be evaluated and the BOG gen-
eration sources. For accurate simulations and results, defining the basis of design and assumptions is very
important. Furthermore, the selection values are described, and the used simulation software, Aspen Plus, is
explained. Lastly, the various simulations that have been performed are explained.

11.1 Simulation software

Aspen Plus is the used simulation software to analyse the different terminal configurations [197]. This soft-
ware is based on flowsheet simulation and is suited to quantitatively model a process plant [198]. Aspen Plus
is selected because it enables optimisation of energy use and throughput of the terminal [199]. In addition, it
has the most complete set of physical properties data, which is essential for simulating hydrogen at extremely
low temperatures [199].

All process components in Aspen Plus need property calculations (equation of state) to generate results [200].
To generate accurate results, it is essential to select the correct property method—the low temperatures of
hydrogen influences this selection. According to Azizabadi et al., some common equations of state used for
liquid hydrogen production simulations do not generate reliable data at low temperatures, namely Peng-
Robinson, SRK and BWRS [201]. On the other hand, the Modified-Benedict-Webb-Rubin (MBWR) equation
of state performed very well at similar conditions of an LH;, terminal [201]].

In this research, REFPROP is selected as the property method, which uses MBWR as EOS [200]. REFPROP is
developed by the National Institute of Standards and Technology (NIST) and is based on the most accurate
pure fluid and mixture models currently available [200]. The various substances used at the different termi-
nal configurations (hydrogen, nitrogen, methane and water) are all defined in REFPROP. Most importantly,
it performs accurate calculations for hydrogen at temperatures from -259.19°C to 727°C and pressures up to
20.000 bar [200]. Therefore, REFPROP is a suitable property method for the LH; terminal simulation.

11.2 Assumptions prior to simulations

For accurate simulations and results, defining the basis of design and assumptions are very important, as
stated before. The basis of design is described in chapterd] The general assumptions used in the performed
simulations are the following:

Simulation process
* Steady-state operation of systems.
e ASPEN Plus, with calculation method REFPROP.
* Pure hydrogen is assumed, without para-ortho conversion.
¢ Atmospheric conditions: 1,01325 bar; 25°C.

Pipelines (Chapter
¢ All pipes transporting H; below -183°C are vacuum insulated.
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¢ For the other pipes, the pressure drop and heat loss/gain is neglected.

Unloading (Chapter

* The unloading capacity is 5.000 m3/h and 10.000 m? /h for the terminal configuration with one tank and
two tanks, respectively.

¢ The developed head of the ship pump is 150 meters.

Storage tank (Chapter [6)
® Operating pressure 0,04 barg.
e Storage capacity 50.000 m?3/tank.
¢ BOR for vacuum insulated storage tank is 0,043%.
* BOR for membrane insulated storage tank is 0,31%.

LH; pumps (Chapter
¢ The isentropic efficiency of the centrifugal submerged pump and HP pump is 67%.
¢ The NPSHR, for the HP pumps is 2,5 meters.
¢ The maximum capacity of the submerged pump is 10,38 kg/s.
¢ The maximum capacity of the HP pump is 11,26 kg/s.

Compressors (Chapter

* The isentropic efficiency of the LP labyrinth compressor is defined at 71%. The corresponding max.
capacity is 0,47 kg/s.

* The HP compressor operating at higher temperatures, has intermitted cooling between the three com-
pressor stages. The isentropic efficiency for stages one to three is 88%, 97%, and 97%. Between those
stages, the hydrogen gas is cooled to 40°C. The corresponding max. capacity is 1,91 kg/s. This equip-
ment is only used in the Basic-model.

¢ The isentropic efficiency of the LP and HP compressor operating at extremely low temperatures is de-
fined at 71%. The corresponding max. capacity is 0,47 kg/s. (Similar to the LP labyrinth compressor).
Recondenser (Chapter
¢ The LH; outlet stream must have an available NPSH that meets the requirements of the HP pumps.
¢ Pressure drop of 10 mbar.

Evaporator (ORV) (Chapter 9)
* Seawater is assumed to be normal water
¢ Due to environmental regulations, the seawater temperature difference cannot be higher than 5°C.

The HEX used are counter-current, and the minimum pinch temperature difference is 5°C.

The inlet and outlet temperature of seawater is defined at 15°C/10°C.

The seawater pump has an isentropic efficiency of 75%.

The maximum evaporation capacity is 7 kg/s Hp, in case seawater temperature is at its lowest (see figure

15)

Cryogenic power cycles (Chapter[10)
* A nitrogen and methane Rankine cycle are employed in series. With an overall thermal efficiency of
64,2% over the temperature range from -245°C till -157,7°C.

* Only the baseload function utilises the cold exergy.
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11.3 Different terminal configuration

Four terminal designs are selected to be evaluated in this study to gain insight into a suitable LH; terminal
design. The four different models are called: Basic-model, Cold-model, Recondenser-model and PC-model.

The Basic-model presents the terminal configuration with currently available process equipment, which is
shown in figure The compressors designed by Burckhardt are employed [148], [149]. For this reason, a
HEX (heater) is necessary before the compressor as they are not capable of handling hydrogen below -170°C.
In addition, after the BOG compression, a cooler is needed to meet the requirements of the grid. As explained
in chapter 7} the used pumps are LH; dedicated and designed by Nikkiso Cryo Inc. These pumps are used in
all four models.

SW-Heater

H, Backbone

In-tank
pumps
LH, tank Pump 1 Pump 2 Pump 3
SW-ORV

Figure 55: Schematic overview of the Basic-model set-up.

For the three other models, it is assumed that the compressors can handle extremely low temperatures. These
compressors that can operate at temperatures as low as -252°C is directly the only difference between the
Basic-model and the Cold-model. Analysing this terminal design is important to define the benefits of hydro-
gen BOG compression at low temperatures.

H, Backbone

In-tank
pumps
< < <
LH tank Pump 1 Pump 2 Pump 3
SW-ORV

Figure 56: Schematic overview of the Cold-model set-up.
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The Recondenser-model is shown in figure |57, and uses a recondenser to decrease the required energy for
BOG compression, as is explained in section

H, Backbone

In-tank e o =
pumps Recondenser Pump 1 Pump 2 Pump 3 « ‘
SW-ORV | e

LH, tank

Figure 57: Schematic overview of the Recondenser-model set-up.

The final design, PC-model, employs two cryogenic power cycles to utilise the cold exergy of LH,. As deter-
mined in chapter [10} the best-suited option for the two power cycles in series are the nitrogen and methane
Rankine cycle. These two power cycles are considered in this model, as is shown in figure[58 Furthermore, it
is assumed that only the cold exergy is recovered from the baseload send-out rate. So therefore, the bypass is
added for the Peakshaver function of the terminal.

— SW-ORV " e _:

Hz Backbone

By pass for PS function

In-tank
pumps

LH; tank

N2 Rankine cycle CH4 Rankine cycle

Figure 58: Schematic overview of the PC-model set-up.

11.4 BOG generation calculation

As seen from the different simulation models, processing the BOG is an essential part of the terminal design.
Therefore, defining the amount of BOG generation is crucial. Table lists the sources that generate the BOG,
which have been defined in section[8.1} During unloading, the BOG generation increases significantly because
of the LH; ship pump. It is assumed that all the pumping energy is converted to heat, and the delivered head
of the ship pump is 150 meters.

Table 18: An overview of the assumed BOG sources at the LHj terminal, during normal and unloading procedures

Normal send-out operation Unloading opertion
Heat leakage into the unload pipelines (Recirculation line) | Heat leakage into the unload pipelines (Recirculation line)
Heat leakage into the storage tank Heat leakage into the storage tank

Heat transferred to LH; by the ship’s pumps
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Two types of insulation techniques have been investigated for the storage tank as discussed in chapter [6}
namely the Mark III membrane technology and vacuum insulation. Both methods result in different BORs of
the tank. In addition, the number of storage tanks employed also affects the required unloading capacity and
the heat ingress into the recirculation pipes.

As mentioned in section [5.3|and the vapour return flow during the unloading process does not require
treatment and therefore is not added as a BOG source. The heat leak into the non-operational LH, HP pumps
is not considered. However, the send-out volume extracted from the storage tank is also not taken into ac-
count, which would result in less BOG.

11.5 Indication values

Similar indication values are obtained for all terminal configurations to allow comparison of the different
designs. The parameters that have been used to analyse the configurations are:

¢ Opverall net power balance
- Send-out efficiency loss

- Energy input per kilogram H, send-out

* Minimum send-out rate
¢ Seawater requirement

¢ Amount of process equipment needed

The overall net power balance describes the required power to supply hydrogen to the grid. This is a very im-
portant parameter to design an energy-efficient terminal. The process equipment that requires power are the
BOG compressors, LH, pumps and seawater pumps. For the PC-model, where power cycles are employed,
the working fluid pump and a turbine are added. The turbine generates power, which is why the turbine
power has a minus sign. With equation 28} the overall net power is calculated.

In addition, the send-out efficiency loss and energy input per kilogram H, send-out have been added to
clarify the results. These values make it possible to compare the different results of terminal designs at a
glance with regard to energy consumption. To calculate the efficiency loss, equation [29)is used. The energy
input per kilogram hydrogen supplied to the grid has been calculated with equation 30}

Pyet = prump + chomp - Zpturb [kW] (28)
_ Pret 0 o
Nloss = mH2 " HHVH2 *100% [/o] (29)
Pnet k]
Er, = -
8 My, {kg} (0

Minimum send-out rate is an important indication for an import terminal. Although it is assumed that the
terminal will supply a baseload to the grid, having a low minimum send-out is beneficial to provide enhanced
send-out flexibility of the terminal. The minimum send-out capacity is influenced by the BOG formation and
how this BOG is processed. As shown by equation 31} only when using the recondenser, the minimum mass
flow is greater than the BOG flow.

) ) ) kg
Myin.send—out = MBOG + ML H,—recondenser |:S (31)
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The seawater requirement describes the seawater mass flow consumed by the terminal during the send-out
process. Depending on the configuration of the terminal, there is one or multiple seawater intakes.

k
tigw = Y _titgw, Lg} (32)

The amount of process equipment needed can give an indication regarding the costs and size of the terminal.
These values are obtained for the baseload and the maximum send-out capacity of the terminal. To determine
the amount of equipment, the maximum throughputs of the different process components are defined. The
maximum capacities of the different devices are as follow:

LH; submerged pump : 10,38 kg/s

LH, HP pump: 11,26 kg/s

LP Compressor: 0,472 kg/s

HP Compressor (Cold): 0,472 kg/s

HP Compressor (Burckhardt): 1,9 kg/s

Open Rack Vaporizer (HEX): 7 kg/s (with seawater inlet of 5°C)

For the HP compressor capable of operating at extremely low temperatures, a vertical labyrinth compressor
design is assumed, as it can operate at these low temperatures. Similar designs are used for the LP compres-
sors; therefore, the capacity is supposed to be equal. For the Open Rack Vaporizer, the maximum LH, flow
has been selected for the case when the seawater temperature is at its lowest (5°C), as defined in chapter [9]
Equation 33]is used to calculate the amount of required equipment.

# m(L)HZ
equipment —
e Mequipment

(33)

11.6 Simulation explanation

This section describes the different simulations that have been performed in this research. The first step to
evaluate the different terminal configurations is to determine the various BOG flows. The generated BOG
flow varies due to the terminal capacity, processes and the type of insulation technique used for the storage
tank, as described in section[I1.4} The results for the generated BOG can be found in section[12.1}

For clarity reasons, some choices have been made regarding the simulation scenarios that have been evalu-
ated in this research. Since there are many simulation scenarios possible for all four terminal configurations,
considering; the terminal size, tank insulation and unloading process.

To provide insight into the difference in terminal capacity (or terminal size), only the Basic-model is evaluated,
as it is believed to provide sufficient information on this topic. The terminal capacity influences the send-out
rate, as discussed in section[d.3] For the three other terminal configurations, only the second case for the send-
out capacity of the terminals, so with two tanks, is considered. The send-out capacities defined in section
are depicted again in the table below.
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Table 19: Send-out rate of the LH; terminal with regard to the terminal capacity

Scenario Baseload | Peakshaver | Max. capacity | Units
Case 1 (1 tank) 3,46 17,5 20,96 [kg/s]
Case 2 (2 tanks) 8,02 17,5 25,52 [kg/s]

For all four terminal configurations, the simulations have been performed for the minimum send-out capacity,
the baseload function and the maximum send-out capacity of the terminal. The maximum send-out capacity
has been evaluated to define the required amount of process equipment at the terminal.

For the minimum send-out capacity of the terminal, three indication values are of interest, namely the “Send-
out efficiency loss”, “Energy input per kilogram” and “Minimum send-out rate”. These values give insight
into the BOG handling process since the minimum flow is related to the BOG flow.

For the baseload function, the “Overall net power balance”, “Send-out efficiency loss”, “Energy input per
kilogram” and “Seawater requirement” are the desired indication values to obtain. The simulations have
been performed for both cases regarding the insulation method of the storage tank to provide insight into
the advantages of the different insulation technologies. Besides the indication values, the percentage of the
required net power to process the BOG flow and LH; stream are presented. These percentages give additional
information about the impact of the BOG process on the terminal.

Lastly, the required amount of process equipment at the terminal has been defined. Therefore the maximum
send-out capacity, equal to the baseload and Peakshaver function, is evaluated to obtain the amount of addi-
tional equipment necessary to handle the Peakshaver function. The energy efficiency of this capacity is not
determined, as it will be pretty similar to the baseload function. Furthermore, the required amount of equip-
ment to handle the BOG flow during unloading procedures has been calculated. The unloading procedures
are considered as this results in the maximum BOG flow.
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12 Results & Discussion

This chapter is dedicated to presenting and discussing the obtained results from the simulations carried out
in this research, beginning with the results for the generated BOG at the LH, terminal. After that, the results
of the four terminal configurations are presented, with a summary of the key indication values shown in
section[I12.6] This chapter is concluded with a visual overview of the required power for the various process
components, and general points of discussion.

12.1 Results BOG generation

The amount of BOG generation depends on multiple factors, namely the insulation method of the LHj storage
tank, the assumed capacity of the terminal (number of tanks used) and the operation function of the terminal.

Regarding the insulation method of the storage tank, a vacuum and a membrane insulation are considered,
as discussed in section Both techniques have a different BOR, as is shown in table 20} The capacity of the
terminal affects the number of tanks that are utilised, namely one or two. In addition, for the larger terminal
capacity the unload pipes require a larger diameter, resulting in more BOG, as shown in table 21} Lastly, the
operation functions of the terminal can be distinguished into two processes: the normal send-out operation
and the unloading operation. As discussed in section the difference is caused by the BOG formation
created by the ship’s LH, pump.

The BOG formation in the storage tank and the pipes are presented in table 20{and 21} The BOG generation
due to the ship unloading is detailed in table[22}

Table 20: Presents the generated BOG of the two different insulation methods of the storage tank.

1 tank 2 tanks
Tank insulation BOR mass flow | mass flow || mass flow | mass flow
[%o/day] | [kg/s] [kg/h] [kg/s] [kg/h]
Membrane insulation 0,310 0,127 458 0,254 917
Vacuum insulation 0,043 0,0176 63,5 0,0353 127

Table 21: Presents the overall BOG generation due to heat ingress into the unloading pipes.

Pivelines | Pipe Length | Diameter | Heatloss | Tot. heatleak | BOG | Tot. BOG
P P [m] linch] | [W/m] [kW] [kg/s] | [kg/h]
Unload line 672 24" 19,60 13,17 0,0297

1 tank Eﬁg‘reul&tlon 470 4" 3,30 1,55 0,0035
Overall: | 0,0332 120

Unload line 814 32" 26,10 21,25 0,0479

2 tanks Eﬁglrculatlon 470 A 3,30 155 0,0035
Overall: | 0,0514 185
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Table 22: BOG production due to LH; ship unloading. The isentropic efficiency of the LH; ship’s pump is assumed to be
75%, and the delivered head is 150 m.

Unload capacity | Pump power | BOG | BOG

Unloading [m® /1] kW] | [ke/s] | [kg/h]
1 tank 5.000 192 0,434 1562
2 tanks 10.000 385 0,868 3125

12.1.1 Overall generated BOG for the different cases

In table 23] the total generated BOG for the different BOG cases is presented. As can be concluded from these
results, the insulation method of the LH, storage tank significantly affects the BOG production during the
normal send-out operations. During these operations, the vacuum insulated tank results in a BOG flow more
than three times lower than the LH, terminal with a membrane insulated storage tank.

Table 23: The overall BOG production for the various terminal designs.

Normal process Unloading process
Tot. BOG | Tot. BOG || Tot. BOG | Tot. BOG
Overall BOG | Type tank [ke/s] [ke/hl [kg/s] [kg/hl
1 Tank Membrane 0,160 577 0,594 2139
Vacuum 0,0508 183 0,485 1745
5 tanks Membrane 0,306 1100 1,17 4225
Vacuum 0,0866 312 0,955 3437

However, during the ship unloading process the BOG flow is less effected by the type of insulation technique
used for the storage tanks because the BOG generation due to unloading is a very large factor. The generated
BOG due to unloading procedures is around 75% or 90% of the overall BOG formation at the terminal with
respectively membrane or vacuum insulated tanks. Therefore, the maximum BOG flow rate at the terminal is
quite similar for both insulation methods of the storage tanks.

The larger terminal capacity results in a larger BOG flow. For the case with the membrane insulated tanks, the
BOG flow is around two times as high for the larger capacity. However, when the tanks are vacuum insulated,
the larger capacity has less effect on the BOG flow (during normal operations) because with this technique a
large part of the BOG production is caused by heat ingress into the pipelines, which is influenced to a lesser
extent by the terminal capacity as is depicted in table

Altogether, it can be assumed that the vacuum designed tank improves the efficiency of the LH; terminal
since less BOG has to be handled during normal operations. Nevertheless, the amount of BOG processing
equipment will be comparable as the maximum BOG flow is in the same range. More details regarding these
topics are being discussed in the following sections of this chapter.
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12.2 Basic-model
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Figure 59: Schematic overview of the Basic-model set-up.

In this section, the results for the Basic-model configuration of the LH, terminal (illustrated in figure |[59) has
been evaluated. This has been done for the different terminal capacities and the two selected storage solutions
determined in section In the tables, the difference in terminal capacity is indicated for one and for two
tanks and the insulation method of the storage tank is referred to as the membrane or vacuum technique. The
corresponding mass flows for the different scenarios are presented in the table below. In Appendix (G} the
Aspen model with corresponding thermodynamic data of each stream is presented.

Table 24: Present the defined mass-flows for the terminal

BOG flow (a) | LH, flow (b) | Baseload (a+b) | Peakshaver (c) | Max. send-out (a+b+c)
Overall BOG | Type tank [ke/s] [ke/s] [kg/s] [ke/s] [kg/s]
1 Tank Membrane 0,160 3,3 3,46 17,5 20,96
Vacuum 0,0508 341 3,46 17,5 20,96
5 tanks Membrane 0,306 7,71 8,02 17,5 25,52
Vacuum 0,0866 793 8,02 17,5 25,52

12.2.1 Minimum send-out - Basic-model

At first, the minimum flow of the Basic-model has been evaluated. As can be seen from the set-up of this
terminal (figure[59), the minimum flow is equal to the BOG flow.

In table [25] the desired indication values of the minimum flow are presented. The send-out efficiency loss
shows that 3,1% of the HHV of the hydrogen BOG flow is needed in electrical power to process the BOG.
In addition, the required energy input for handling one kilogram of hydrogen BOG is presented. These two
indication values are similar for each BOG rate. Lastly, as stated above, the minimum flow is equal to the BOG
flow.

As defined in section the BOG flow rate is affected by multiple factors. Therefore, the minimum flow
rate and power required to process the BOG varies. The different BOG flow rates are presented in table

Table 25: The general results of processing the minimum flow (BOG) with the Basic-model

Basic-model Mioss [70] | Exg [KJ/kgl | Minimum flow
Minimum flow process 3,1 4360 BOG
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12.2.2 Baseload - Basic-model

For the baseload case, not only the BOG flow is processed but also the LH, stream, as can be concluded from
table Processing the LH; stream requires only 0,13% of the HHV of the supplied hydrogen to the grid.
Therefore, the energy consumption to process one kilogram of LHj is significantly less compared to process-
ing the BOG flow, namely more than 24 times less. The more significant energy input for processing the BOG
flow can be explained by the fact that pumping a liquid takes much less energy than compressing a gas.

The desired indication values for the baseload function are presented in table The corresponding mass
flows are presented in table

Table 26: The process results for handling the baseload function with the Basic-model terminal

Basic-model: baseload | 7ss [%] | Exg [KI/kg] | Pret [kg/s] PBeg'prfowvfr[oﬁSr PE;CIZ }:f)l(())vv\;e{/f(])r isw [kg/s]

Tanic | Membrane 0,26 372 1289 54% 46% 570
Vacuum 017 241 833 7% 73% 581

> tanke | Membrane 0,24 339 2716 49% 51% 1327
Vacuum 0,16 224 1800 21% 79% 1352

The overall net power for the terminal employing membrane insulated tanks is considerably larger compared
to the vacuum insulated tanks. This results from the larger BOG flow, which requires significantly more en-
ergy, as mentioned above. For this terminal configuration with membrane insulation technology, around half
of all energy is used to process the BOG flow. However, the BOG mass flow is only 4% of the total hydrogen
delivered to the grid.

Regarding the terminal capacity, it can be seen that the overall efficiency loss is slightly higher for the smaller
terminal design, which is a result of the relatively higher BOG flow in comparison with the LH; flow. There-
fore, a higher percentage of the total required power is needed to process the BOG flow.

12.2.3 Required amount of process equipment - Basic-model

In this section the required amount of process equipment to handle the BOG flow and the LH; stream are
presented.

To be able to handle the BOG flow at the terminal at any time, the maximum BOG flow is considered, which
is the BOG flow during unloading procedures. As mentioned before in section during unloading proce-
dures the overall BOG flow is less affected by the insulation method of the storage tank. After evaluation, it
appears that the insulation method of the storage tank does not influence the required amount of equipment
to handle the BOG flow. The amount of equipment to process the BOG flow are presented in table

Table 27: The required equipment to process the BOG flow, considering the Basic-model.

Equipment BOG flow | LP-comp. [#] | HP-comp. [#] | Heater [#] | Cooler [#]
1 tank 2 1 1 1
2 tanks 3 1 1 1

The process equipment to handle the LH, stream are depicted in table As can be seen, the required
amount of equipment changes with the send-out function. Therefore, to accommodate a Peakshaver function
at the terminal, considerably more process equipment is required. The large number of required HP pumps is
partly due to the fact that these pumps must have three in series to achieve the desired pressure output. For
the submerged pumps, adding an additional tank also requires an extra submerged pump. Note that backup
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equipment is not taken into account. However, to guarantee the send-out capacity at any time, this should be
considered when building the LH; terminal.

Table 28: The required equipment to handle either the baseload function or the maximum send-out capacity considering
the Basic-model.

Equipment Baseload capacity Max. send-out capacity

LH; stream | Sub. pump [#] | HP pump [#] | ORV [#] || Sub. pump [#] | HP pump [#] | ORV [#]
1 tank 1 3 1 3 6 3

2 tanks 2 3 2 4 9 4

12.3 Cold-model
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Figure 60: Schematic overview of the Cold-model set-up.

This model assumes that the compressors can compress the BOG flow at extremely low temperatures. There-
fore, the results for processing BOG flow will be different compared to the Basic-model. The LH; flow is
handled in a similar way as is done in the Basic-model, meaning the general results for processing the LH,
will be the same. However, since handling the BOG flow consumes a significant amount of the total energy
during baseload send-out, the difference in BOG processing will influence the terminal’s overall efficiency.
These results are presented in this section.

12.3.1 Minimum send-out - Cold-model

Like the Basic-model, the minimum flow of the Cold-model configuration is equal to the BOG flow. The dif-
ferent BOG flow rates are presented in table

The results for processing the hydrogen BOG stream with compressors that can handle extremely low temper-
atures are shown in table[29} With this configuration, the energy input to manage the BOG flow is significantly
lower than the Basic-model, about 3,6 times. This can be explained by the fact that compression at lower tem-
peratures requires less power [68]].

Table 29: The general results of processing the minimum flow (BOG) with the Cold-model

Cold-model

Mloss [(70]

Erg [KI/kg]

Minimum flow

Minimum flow process

0,86

1220

BOG
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12.3.2 Baseload - Cold-model

The processing of the LH; flow is done in the same way as in the Basic-model. Nonetheless, due to the more
efficient BOG treatment, the overall net power requirements are considerably lower, as is depicted in table
This is also shown by the fact that the BOG process consumes around 21% (table of all necessary
power, instead of 49% for the Basic-model configuration with membrane insulation technology (table [26).
Furthermore, the seawater requirement is about the same as for the Basic-model.

Table 30: The process results for handling the baseload function at the Cold-model terminal

. o Perc. power for | Perc. power for | .
Cold-model: baseload | 77oss [%] | Eig [KJ/kg] | Puet [kg/s] BOG flow [%] LH, flow [%] ritgw [kg/s]
2 tanks Membrane 0,15 219 1757 21% 79% 1338

Vacuum 0,13 191 1532 7% 93% 1354

12.3.3 Required amount of process equipment - Cold-model

The required amount of equipment to process the LH; flow is similar to the Basic-model since the LH, flow
is treated similarly. These results can be found in table 28]

However, there are more HP compressors required to process the BOG flow during the unload procedures.
This is because these HP compressors operating at extremely low temperatures are assumed to have the same
throughput capacity as the LP compressors. But in addition, no extra HEXs are needed to handle the BOG
because the ORV can be used for both the liquid and the BOG flow. Altogether, the efficiency of this terminal
design is better compared to the Basic-model and does not require more equipment.

Table 31: The required equipment to process the BOG flow, considering the Cold-model.

Equipment BOG flow | LP-comp. [#] | HP-comp. [#]
2 tanks 3 3

12.4 Recondenser-model
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Figure 61: Schematic overview of the Recondenser-model set-up.

LH, tank

In this configuration, a recondenser is used to minimize energy consumption for BOG treatment. As shown in
figure (61} the HP compressor can be eliminated when utilizing the recondenser. This is beneficial because the
HP compressor requires approximately 75% of the total power to compress the hydrogen BOG to the desired
pressure.
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As discussed in section [8.3] the recondenser can operate at different pressures. The operating pressure of the
recondenser affects the minimum flow and the efficiency of the send-out process. However, for the results of
the minimum flow presented in this section, the highest operating pressure of the recondenser is considered
as this leads to the lowest minimum flow. And for the baseload function, the lowest operating pressure of the
recondenser is used as this provides the highest energy efficiencies. The operating pressure of the recondenser
ranges from 4 to 8 bar as these are the pressure ranges of the submerged pump and LP compressor. More
information and results regarding the operating pressure of the recondenser can be found in Appendix|G.1.3|

12.4.1 Minimum send-out - Recondenser-model

Using a recondenser affects the minimum flow capacity of the terminal because the recondenser requires LH,
input to condensate the hydrogen BOG. Therefore, the minimum flow is not equal to only the BOG flow.

In table 32} the indication values of the minimum flow are presented with the recondenser operating at 8 bar.
As can be seen, utilizing the recondenser decreases the send-out efficiency losses significantly. However, as
mentioned above, the minimum send-out capacity of the terminal increases compared to the two previously
discussed configurations. To condensate the hydrogen BOG, the recondenser requires a mixing LH,/BOG
ratio of 5,3. Therefore, the minimum flow is equal to 6,3 times the BOG flow.

Table 32: The general results of processing the minimum flow with the Recondenser-model

Erg [KI/kg]
260

Minimum flow
6,3 * BOG

Recondenser-model
Minimum flow process

Mloss [0/0]
0,18

12.4.2 Baseload - Recondenser-model

Table 33| presents the results for the baseload send-out with the recondenser operating at 4 bar. The results
show that the total efficiency loss is comparable to the processing of the LH, stream separately, namely 0.13%.
Furthermore, since the BOG treatment consumes less energy, a greater BOG flow, as in the membrane case,
has a significantly smaller effect on the overall net power requirement. For this reason, when the terminal is
assumed to have a baseload send-out capacity, like the proposed terminal, the insulation degree of the tank
has limited influence on the terminal efficiency if a recondenser is employed. Finally, the amount of seawater
consumption is comparable to the other terminal configurations.

The percentages of the total power required for the BOG and LH, stream treatment are not shown since the
BOG flow is merged within the LH; stream.

Table 33: The process results for handling the baseload function at the Recondenser-model terminal

] o Perc. power for | Perc. power for | .
Recondenser: baseload | 7oss [%] | Exg [KW] | Pret [kg/s] BOG flow [%] LH, flow [%] titsw [kg/s]
2 tanks Membrane 0,13 186 1490 7% 93% 1351

Vacuum 0,13 178 1428 2% 98% 1359

12.4.3 Required amount of process equipment - Recondenser-model

Since the BOG flow is merged with the LH; flow, no process equipment is dedicated explicitly for the BOG
stream except the LP compressors. Compared to the other configurations, the Cold-model requires multiple
additional HP compressors and the Basic-model also requires extra HEXs to process the BOG flow; this design
only requires an additional recondenser.
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Table 34: The required equipment to process the BOG flow, considering the Recondenser-model.

Equipment BOG flow | LP-comp. [#] | Recondenser [#]
2 tanks 3 1

The amount of process equipment necessary to handle the Baseload capacity and the maximum send-out
capacity are detailed in table For each process component that is also used in the Cold-model and the
Basic-model (submerged pump, HP pumps and the ORV), the required quantity is comparable.

Table 35: The required equipment to handle either the baseload function or the maximum send-out capacity considering
the Recondenser-model.

Equipment Baseload capacity Max. send-out capacity
LH; stream | Sub. pump [#] | HP pump [#] | ORV [#] || Sub. pump [#] | HP pump [#] | ORV [#]
2 tanks 2 3 2 4 9 4

Altogether, the efficiency of this terminal design is even better than the Cold-model and does not require more
equipment. However, the minimum send-out capacity is considerably higher. Nevertheless, as a baseload
send-out rate is assumed for the proposed terminal, this is not an issue.

12.5 PC-model (Power cycle)
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Figure 62: Schematic overview of the PC-model set-up.

The results for the terminal employing power cycles to recover the cold exergy of the LH; stream are pre-
sented in this section. In chapter 10} the two best-suited power cycles in series to convert the cold exergy into
mechanical power are already determined, namely the nitrogen and methane Rankine cycles. An overview
of the results obtained for these cycles can be found in table[I7]at section[10.7}

12.5.1 Minimum send-out - PC-model

For this configuration, it is assumed that the minimum send-out capacity is comparable to the baseload func-
tion because the power cycles require a constant cooling source. This cooling source is the LH; flow, as
discussed in chapter[I0] Besides the LH, stream, the BOG is processed in the same way as in the Cold-model,
so the results for processing the BOG flow can be found in section[12.3.1}
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12.5.2 Baseload - PC-model

The power cycles only recover the cryogenic exergy of the baseload send-out capacity since a constant LH,
flow is desired for these cycles. The overall thermal efficiency for both cycles in series has already been deter-
mined, and is 64,2% over the temperature range from -245°C till -157,7°C. Knowing the terminal’s baseload
capacity and the corresponding LH, mass flow (see table 24), the overall net generated power can be deter-
mined. In addition, the seawater pumps connected to the ORVs require less power because less seawater is
needed since the hydrogen flow is already heated up to -157,7°C instead of the -245°C at which it usually
enters the vaporizer. Note that the additional seawater pumps needed for the Rankine cycles are taken into
account with the overall thermal efficiency of these cycles.

The overall results for the baseload capacity, i.e. the processing of the BOG flow is also taken into account, are
shown in table[36] These results show that the cold exergy recovery is larger than the power input to process
the baseload flow. This means that the send-out process generates energy instead of consuming it while sup-
plying hydrogen at a baseload rate to the grid. So, the benefits of employing power cycles are significant in
terms of the energy efficiency of the terminal, which is desirable in view of environmental regulations.

The terminal with vacuum designed tanks has a greater total energy production due to the fact that less
energy input is required since the BOG flow is smaller. In addition, it generates slightly more power because
the LH, flow is larger. The total seawater consumption for this configuration is a bit higher compared to the
other terminal designs. Nevertheless, the required amount of ORV will be less as the hydrogen entering the
vaporizer is already at -157°C.

Table 36: The process results for handling the baseload function at the PC-model terminal. (Negative signs indicate
power production instead of consuming.

PC-model: baseload | 17;oss [%] | Eig [KJ/kg] | Pret [KW] POV‘ESMII?PW Gener?lt(%power g [k /s]
2 tank Membrane -0,42 -599 -4800 1564 -6364 1390
AnKS Vacuum 20,46 650 5212 1333 6545 1407

12.5.3 Required amount of process equipment - PC-model

The amount of equipment required for this configuration is higher than the other configurations due to the
added power cycles. However, since the BOG flow is processed similarly as in the Cold-model, the amount
of process equipment to handle the BOG flow will be similar and can be found in table

As mentioned before, the power cycles are only employed to recover the baseload capacity. So, therefore, the
amount of equipment for the power cycles is not affected by the send-out function. The required amount of
equipment for the nitrogen and methane Rankine cycle is shown in table

Table 37: The required amount of equipment to handle the nitrogen and methane Rankine cycle.

WF pump | Turbine | SW HEX | Condenser | Recuperator
Nitrogen RC 1 2 2 1 1
Methane RC 1 2 2 1 0

In addition to the power cycles, the other equipment needed to process the hydrogen is shown in table
From these results, it can be concluded that the terminal requires only one ORV for the baseload send-out
capacity due to the higher inlet temperature of the hydrogen. Due to this higher inlet temperature, the max-
imum hydrogen throughput of the ORV increases to 11 kg/s instead of 7 kg/s. Nevertheless, the maximum
send-out capacity requires a comparable amount of ORVs to handle the hydrogen throughput as for the other
configurations.
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Table 38: The required equipment to handle either the baseload function or the maximum send-out capacity considering
the PC-model.

Equipment Baseload capacity Max. send-out capacity
LH, stream | Sub. pump [#] | HP pump [#] | ORV [#] || Sub. pump [#] | HP pump [#] | ORV [#]
2 tanks 2 3 1 4 9 4

12.6 Summary results

This section presents an overview of the key indication values presented and discussed for the various LH,
terminal configurations.

12.6.1 Minimum send-out capacity

An overview of the results for processing the minimum flow is presented in table (39 For the Basic- and the
Cold-model, the minimum flow is equal to the BOG flow. The Recondenser-model has a minimum flow of
6,3 times the BOG flow because the recondenser requires an LH; input to condensate the BOG. The minimum
flow of the PC-model is assumed to be similar to the baseload function due to the fact that the power cycles
require a constant LH; flow. Since the minimum flow of the PC-model is equal to the baseload function, this
configuration is not evaluated in this section.

Table 39: An overview is given for the various processes to handle the minimum flow of the terminal.

Minimum flow process | #joss [7%] | Exg [K]/kg] | Minimum flow
Basic-model 3,1 4360 BOG
Cold-model 0,86% 1220 BOG
Recondenser-model 0,18 260 6,3*BOG
PC-model - - Baseload

The Basic-model requires significantly more energy to process the BOG flow compared to the other configura-
tions. This can be explained by the fact that this terminal design utilizes LP compressors that cannot operate
below -170°C. Therefore the compression takes place at higher temperatures which requires more power.
Furthermore, the HP compressor needs intermittent cooling, and an additional heat exchanger is necessary to
cool the compressed hydrogen BOG flow before it can be supplied to the grid. For the other configurations,
it is assumed that compression is possible at -250°C. Therefore, these results represent the benefit of BOG
compression at extremely low temperatures.

In addition, the BOG process can be handled even more efficiently by using a recondenser to condensate the
hydrogen BOG. With this configuration, the hydrogen BOG can be pumped to desired pressure of the grid
instead of using the HP compressors. However, as mentioned before, the minimum flow for this terminal
design is significantly larger.

Lastly, the BOG flow is influenced by the type of technology used to insulate the storage tanks. The overall
BOG generation is more than three times as high during normal operations when implementing membrane
insulation instead of vacuum (see table 23| Therefore, the minimum flow of the terminal configuration using
membrane insulated tanks is also higher. However, as mentioned in section[I2.1.1} during the ship unloading
process, the BOG flow is quite similar because the BOG generation due to the ship unloading procedures is
such a large factor. Since this results in the largest BOG flow, the process equipment needed to handle the
BOG flow is not influenced by the insulation method used for the storage tanks.
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12.6.2 Baseload

The results for handling the baseload by the different terminal designs are summarized in this section. These
results are influenced by the isolation method of the tanks; therefore, the terminal with vacuum and mem-
brane tanks are both shown in table 40| and |41} respectively. For a more detailed understanding of the power
requirements for handling the baseload send-out, illustrations have been provided in section[12.7}

Table 40: An overview is given for the baseload process, considering two membrane insulated tanks are utilized.

Baseload, Membrane | 7y [%] | Exg [KI/kg] | Puet [KW] SW fﬁ;s)i,]ﬂow TRL-level
Basic-model 0,24 339 2716 1327 8
Cold-model 0,15 219 1757 1338 6
Recondenser-model 0,13 186 1490 1351 6
PC-model -0,42 -599 -4800 1390 6

Table 41: An overview is given for the baseload process, considering two vacuum insulated tanks are utilized.

SW mass flow

Baseload, Vacuum Mioss [%] | Exg [KJ/Kgl | Pret [KW] [ke/s] TRL-level
Basic-model 0,16 224 1800 1352 8
Cold-model 0,13 191 1532 1354 6
Recondenser-model 0,13 178 1428 1359 6
PC-model -0,46 -650 -5212 1407 6

As can be seen, with the vacuum insulated tanks, the overall net power input of the terminal decreases be-
cause less BOG needs to be processed. Especially for the Basic-model, the required overall power decreases
significantly when utilizing vacuum insulated tanks instead of membrane technology. This can be explained
by the fact that this configuration processes the BOG least efficiently. Furthermore, the lower total net power
requirements also reflect the smaller efficiency losses and can be translated into lower OPEX. Therefore, in-
vesting in a more expensive vacuum insulated tank might be desirable for the LH; terminal.

However, for the terminal employing a recondenser, the difference between the insulation methods is signifi-
cantly smaller. In addition, the required power input to supply hydrogen at baseload rate to the grid is lower
compared to the Basic- and Cold-model, even when using the membrane insulated tanks. This indicates that
when the terminal is assumed to have a baseload capacity to the grid, a membrane insulated tank combined
with a recondenser is a very suitable option. In this case, the CAPEX and OPEX are low since the membrane
insulated tank solution is assumed to be considerably cheaper than the vacuum tank, as described in section

6.3l

When the terminal employs power cycles, the send-out process is most efficient because it produces energy in-
stead of consuming it. The net power generation is significant, and regarding the environmental regulations,
it could be desirable to have an energy positive hydrogen import terminal. However, this configuration has
also side effects such as the considerably large minimum flow, as mentioned before. Furthermore, it increases
the process complexity of the terminal, and -as will be discussed in the next section- it requires additional
equipment.

The seawater consumption for all terminal configurations is comparable. The TRL level for each configuration
is defined at six except for the Basic-model. This TRL level six is assumed, as these configurations utilize
the hydrogen compressors that operate below -170°C. As mentioned in chapter |8 manufacturers are not
yet able to design compressors that can compress hydrogen at -250°C for various reasons. They noted that
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further research is necessary to develop these compressors. In the Basic-model, all types of equipment can
be delivered by manufacturers, except the ORV and the control equipment in the vacuum insulated pipes.
As discussed in section[0.3) it is assumed that a similar type of Super-ORV used for LNG evaporation can be
used for LH, applications. However, for LH; application, additional research is necessary for the material
selection of this process equipment. As mentioned in section 5.4} the valves and other control equipment for
the vacuum insulated pipes larger than 12 inches in diameter have not yet been developed. Therefore the TRL
level for the Basic-model has been set at eight. Note that for the TRL level, the storage tank designs are not
considered.

12.6.3 Required amount of process equipment

This section provides an overview of the amount of equipment needed to handle the BOG flow, the baseload
and maximum send-out capacity. For the BOG process, the flow during unloading procedures is taken as the
basis for calculation as this requires most equipment. Furthermore, note that backup equipment is not taken
into account in these results.

Although vacuum insulated tanks result in a more efficient process, it appears that the amount of equipment
required to process the various flows is not affected by the chosen insulation technology of the tank. These
results indicate that vacuum insulated tanks result in lower operational costs as the send-out process is more
efficient. However, the required amount of equipment and thus the investment costs are comparable for the
assumed terminal capacity, besides the capital costs for the storage tank itself.

Table 42: An overview is given for the required process equipment needed to process the maximum BOG flow, so during
unloading procedures. * Please note that the ORYV, is partially used for the BOG flow, but also for the LH, evaporation
process. So actually, no additional ORV is required to process the hydrogen BOG flow.

LP-comp. | LP-comp. | HP-comp | HP-comp. | Heater | Cooler | Recondenser | (ORV)*

BOG equipment ) | cold[¥] | [ | cold[#] | [ | [# [#] [#]
Basic-model 3 0 1 0 1 1 0 0)
Cold-model 0 3 0 3 0 0 0 1)
Recondenser-model 0 3 0 0 0 0 1 1)
PC-model 0 3 0 3 0 0 0 &)

To handle the BOG flow, the Basic-model requires two additional heat exchangers. One is needed to heat the
BOG flow to -170°C, and the second one has to cool the compressed hydrogen before it can be supplied to
the grid. Compared to the Cold- and PC- configurations, it only requires one HP compressor that can handle
large mass throughputs. This is because the compressor design used in the Basic-model is not a labyrinth
compressor as it operates at higher temperatures.

For the other configurations, it is assumed that the LP and HP compressors are vertical labyrinth compressors
with comparable throughput. Therefore, three devices for both the HP and LP compressor are required to
process the flow. However, when employing a recondenser, the HP compressor is eliminated, as seen in table
To heat the BOG flow, the ORYV is utilized. Since the same ORV can be used for the LH;, flow, no additional
HEXs are required.

As is shown in table 43| below, the amount of equipment to handle the LH, stream is similar for each con-
figuration except for the PC-model. This is because these three configurations process the LH, stream in the
same way. Furthermore, it can be seen that considerably more process equipment is required to make the
LH; terminal suitable for the Peakshaver function, which results in the maximum send-out capacity of the
terminal. Especially for the HP pumps, because these pumps need to have three in series to be able to increase
the pressure to the requirements of the grid.
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Although the PC-model only needs one ORV to evaporate the baseload due to the higher inlet temperature
of hydrogen (-157°C, instead of -245°C), the overall amount of equipment for these configurations is consid-
erably more, as it employs two Rankine cycles in series. The amount of equipment needed for these Rankine
cycles is presented in table

Table 43: An overview is given for the required process equipment needed to process the liquid stream at the terminal.
*The PC-model also requires equipment for the power cycles, as presented in table

Equipment Baseload capacity Max. send-out capacity

LH, stream Sub. pump [#] | HP pump [#] | ORV [#] || Sub. pump [#] | HP pump [#] | ORV [#]
Basic-model 2 3 2 4 9 4
Cold-model 2 3 2 4 9 4
Recondenser 2 3 2 4 9 4
PC-model* 2 3 1 4 9 4
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12.7 Overview power requirements for send-out process

This section provides an overview of the send-out efficiency and the power requirements of the various pro-
cess components at the LH; terminal for the baseload send-out function.

For all four terminal configurations, the overall send-out efficiency is presented in a Sankey diagram at the
left side of the four figures shown below. The efficiency loss is thereafter separated into the three process
components that require power: the BOG compressors, LH,; pumps, and seawater pumps (for the HEXs). At
the right side of the figures, the terminal configuration is illustrated, with the percentage of overall net power
(Pnet) required for the various process components in red. The hydrogen mass flow is depicted in blue.

Besides the baseload function, it is assumed that the two storage tanks are membrane insulated. The results
of the baseload function, with membrane insulated tanks obtained before, is depicted again in table [44]

Table 44: An overview is given for the baseload process, considering two membrane insulated tanks are utilized.

Baseload, Membrane | 15 [%] | Exg [KJ/kg] | Pret [KW] S ﬁ(‘gs/sslﬂow
Basic-model 0,24 339 2716 1327
Cold-model 0,15 219 1757 1338
Recondenser-model 0,13 186 1490 1351
PC-model -0,42 -599 -4800 1390

Results of the Basic-model with two membrane insulated storage tanks, considering baseload send-out
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Figure 63: Overview of the energy efficiency and power requirements of the Basic-model for baseload send-out.
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Results of the Cold-model with two membrane insulated storage tanks, considering baseload send-out
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Figure 64: Overview of the energy efficiency and power requirements of the Cold-model for baseload send-out.
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Figure 65: Overview of the energy efficiency and power requirements of the Recondenser-model for baseload send-out.
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Results of the PC-model with two membrane insulated storage tanks, considering baseload send-out
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Figure 66: Overview of the energy efficiency and power requirements of the PC-model for baseload send-out. (In green
the generated power of the power-cycles is presented, which is described as a percentage of the overall net power input.)

12.8 Discussion

In this section, general discussion regarding the evaluated cases are discussed.

BOG calculations

The first point of discussion is the generated hydrogen boil-off gas at the terminal. Several sources at the
receiving terminal result in BOG generation as discussed in chapter However, for the BOG calculations,
assumptions have been made reading the BOG sources. BOG formation at non-operational equipment such as
the LH, pumps is not taken into account. Nevertheless, considering the terminal has the baseload and Peak-
shaver function, it will happen that some parallel-connected LH; pumps will not be utilized during baseload
operations.

Furthermore, during unloading, it is assumed that the vapour return flow (from the storage tank to the ship’s
tank) does not require treatment and is equal to the unloaded liquid volume flow. Not requiring treatment is
only possible when the pressure in the storage tank is higher than the operating pressure of the ship’s tank;
otherwise, a compressor is needed. Considering that the current BOG compressors cannot operate below -
170°C, this would require additional heating and cooling before the BOG can be supplied back to the ship’s
tank. Secondly, the assumption that the vapour return is equal to the unloaded liquid volume flow depends
on many things. Again, the operating pressures of both tanks are a factor and the heat ingress into the vapour
return line. As many factors influence this process, small changes can affect the assumption made. Since
the vapour return flow is significant (10,000 m?/h), this can substantially affect the total BOG flow during
unloading.
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BOG compressors

The hydrogen BOG inlet conditions for the "cold" LP compressor significantly affect the design specifications
and power requirements for this compressor. A slight increase in temperature results in a considerably lower
density of the BOG flow, as shown in figure[33] Due to the lower density, the volume flow will increase sig-
nificantly. However, precisely defining these inlet conditions is difficult. It is assumed that the BOG leaving
the tank is a saturated vapour, and transported through a vacuum insulated pipe (heat flux of 9,8 W/m) to
the LP compressor. Nevertheless, during a particular operation, the conditions of the BOG leaving the tank
could be slightly above the saturated vapour conditions.

LH, pumps

The isentropic efficiency for the LH; pumps is considered at a constant value. Nevertheless, for the centrifu-
gal pumps used, the actual efficiency and the generated head is influenced by the volume throughput. As the
highest efficiency is considered in the simulation, the actual pumping power could potentially be higher.

Furthermore, the centrifugal LH, pumps require a minimum throughput. This minimum throughput is not
considered in these calculations. However, since the designed LH,; pumps by Nikkiso have a minimum
throughput equal to 3,10 kg/s, this would be a limiting factor for the minimum flow of the Recondenser-
model. Because when the terminal employs a recondenser, the minimum send-out capacity of the terminal is
partly handled with the LH, pumps. Thus, when using a recondenser, smaller LH, pumps are desirable if the
terminal’s minimum send-out rate is a requirement.

HEX-SW

The calculations for the seawater consumption of the vaporizers is assuming the seawater inlet and outlet
conditions of 15/10°C. The temperature difference of 5°C is set for environmental regulations. However, dur-
ing winter, these temperatures will be lower, meaning more seawater and therefore more pumping power is
required to evaporate the LHj, as is shown in figure On the other hand, when a heat source heats the
seawater before entering the vaporizer, less seawater is necessary because, in this case, the temperature dif-
ference of seawater can be higher than 5°C without violating environmental regulations. Therefore, utilizing
nearby heat waste could improve the terminal efficiency. Furthermore, the number of required ORV could be
decreased in that case.
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13 Conclusion

This research represents the first investigation into the possibility to reuse the current LNG Peakshaver, which
will become obsolete in the near future, as an LH; terminal. The focus of this research is on defining the char-
acteristics of the relevant processes and the needed equipment of an LH, terminal and analysing how the
differences with the current exploitation of the LNG-PS can be addressed.

The sub-questions raised in this report are used to provide a comprehensive conclusion of the project. To-
gether they contribute to delivering the research objective:

To determine how the current LNG-Peakshaver can be retrofitted to receive, store and process liquid hydrogen
in an energy-efficient way.

Each sub-question is covered in this chapter.

1. What are the physical and chemical properties that influence the processes, and how do they vary
between hydrogen and natural gas?

Liquid hydrogen has a lot of similarities with liquefied natural gas; but there are also many differences in the
properties of both substances. The properties of LH, that differ most from LNG and influence the process are
discussed in chapter

The most obvious property affecting the process is the temperature of LH;, which is around 90 degrees Celsius
lower than LNG. Due to the lower temperature, the formation of liquid oxygen is possible. Liquid oxygen
is not acceptable in situations where chemicals are being processed because it causes hazardous situations.
Therefore enhanced insulation is necessary when processing LH,. For example, the LH; pipelines have to be
vacuum insulated. The colder temperature also has an effect is on the material selection as some materials
will become brittle. Therefore, the inner nickel-steel tank of the existing LNG storage tank cannot store LH,.
Stainless steel 304L or 316L is recommended for LH, application.

The insulation for an LH, tank has to be ten times better to reach the same boil-off rate as an LNG tank. This
results from the lower temperature, but is primarily due to the lower value for the latent heat of vaporization
of hydrogen.

The density of hydrogen in comparison with LNG is much smaller. In the liquid phase, the density of hy-
drogen is more than six times lower; in the vapour phase, it is almost eight times lower. The lower density
influences the pumping and compression processes. Furthermore, it also has an effect on the energy density
of hydrogen. Although the energy of LH; per unit mass is significantly larger than LNG, because of the low
density, the energy per unit volume of hydrogen is 2,3 times lower than in the case of LNG. Therefore more
volume capacity is needed in order to store the same amount of energy. If both tanks are used, the proposed
LH; terminal can store 1150 TJ instead of 2700 T] for LNG (given the HHV).

Processing hydrogen has other safety restrictions concerning the ATEX class for the process equipment. This
is because of the large window for explosion danger when spilling hydrogen in the atmosphere and due to
the fact that the minimum ignition energy is lower.

2. Under which conditions is the liquid hydrogen delivered (by the large-scale maritime LH, vessels)
to the proposed LH, terminal?

The first designed large-scale LH, vessels will transport the liquid hydrogen in type-B tanks, meaning there is
no pressure build-up inside the tanks. For this reason, the hydrogen will be delivered at a pressure just above
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atmospheric, and a temperature of -253°C. Furthermore, it can be assumed that the para-hydrogen concen-
tration will be above 98%, meaning the spin-isomer conversion will not lead to additional BOG at the LHj
terminal.

3. What are the process conditions for hydrogen in the hydrogen network?

The proposed LH; terminal is assumed to supply the hydrogen to the Hydrogen Backbone. The maximum
operating pressure of the Backbone is set at 50 bar, and the minimum temperature at 5°C. There are also qual-
ity specifications for the purity of the hydrogen; however, as LH; is extremely pure, this is not a constraint for
the LH, terminal.

4. Which factors impact the send-out capacity of the future LH, terminal and how does this influence
the design of the terminal?

A significant advantage of an LH; import terminal is the easily adjustable send-out rate of the terminal. In
this way, an LHj terminal can provide flexibility to the hydrogen grid, which is not possible for the other hy-
drogen carriers. Offering flexibility is valuable for the hydrogen grid, for example, to absorb the fluctuating
hydrogen production from wind energy in the Netherlands. However, since the hydrogen import is consid-
ered contractually bound in the initial phase of Hy import, it is necessary also to have a baseload hydrogen
supply to the grid. For this reason, a terminal that can deliver a baseload to the grid, with also additional
capacity to offer flexibility to the grid, is most desired. The baseload and maximum send-out capacity (Peak-
shaver + baseload) are defined in section[4.3]

5. What type of process equipment is suited to process LH,, considering the process conditions of the
terminal and can the current LNG equipment be reused for this?

The LNG process equipment is not suitable for handling the LH; processes because the properties of LH;
differ too much from those of LNG.

LH; pump

The designs for the LH, pumps are very similar to those for LNG applications, but for LH, special inducers
are required to prevent cavitation damage in the centrifugal pumps. Furthermore, three pot mounted pumps
(HP-pump) in series are needed to increase the LH; pressure to 50 bar. This is due to the lower density of
LHy, resulting in a smaller head delivered by the centrifugal pump. For LNG, only one HP-pump is sufficient
to increase the pressure up to 80 bar.

BOG compressor

Currently, BOG compressor manufacturers are not able to design compressors to operate below -170°C. This
is mainly because they only design BOG compressors for LNG applications. Extensive research is needed to
determine whether hydrogen compression at lower temperatures is possible with regard to material selection
and the hydrogen density problem. The rapidly decreasing density of hydrogen BOG at a slight temperature
rise under these extremely low temperature conditions is considered a problem to be overcome. Furthermore,
for the BOG compressor, a reciprocating type of compressor is considered. Developing this “cold” compressor
is essential for the LH, terminal, as it will significantly improve the terminal’s efficiency.

Vaporizers

To evaporate the LH;, a so-called Super-ORV is selected. This heat exchanger utilizes seawater as the heat
source. The super-ORV is an enhanced ORV design to improve the heat transfer as it minimizes the ice
formation at the outside of the tubes. Since the temperature of LHj is lower, this type of design is considered
the most promising. However, note that this process component is not yet developed for LH; application.



103

6. Can the LNG storage tank be retrofitted to store LH; and if so, how can this be achieved?

The aim is to reuse the current LNG storage tank. Due to the lower temperature of LHj, the tank has to be
retrofitted, as the insulation and the material of the inner tank are not suited for LH; storage. Two insulation
techniques have been investigated, a vacuum design and implementing membrane technology at the inside
of the current LNG tank. The existing LNG tank cannot be reused for the vacuum designed tank, only the
concrete construction could be reused. An advantage of using a vacuum insulated tank is that the BOR will
be very low, 0,043%/day.

The other solution, implementing membrane insulation panels on the inside of the LNG tank, does offer
the possibility to reuse the entire LNG tank. This makes it a relatively cheaper solution, however the BOR
of the retrofitted tank is higher, namely 0,31%/day. Adding additional insulation at the inside of the LNG
storage tank seems feasible because the density of LH; is considerably lower than LNG, which provide the
opportunity to add mass at the inside of the tank. Nevertheless, further research is required to determine the
feasibility of this conversion solution.

7. What are the required para- and ortho-hydrogen conditions for the supply to the Hydrogen Backbone
and how does this affect the processes at the terminal?

It is concluded that the para- to ortho-hydrogen conversion is not desired at the terminal, as long as there
is no grid requirement on this topic. Although the HHV of the supplied para-hydrogen is in the worst case
0,36% lower than “normal” hydrogen, accommodating the catalytic endothermic conversion reaction at the
terminal requires a significant amount of additional process equipment and power input. These factors make
it unfeasible to have this conversion at the terminal site.

8. What is the potential of utilizing the thermal exergy during LH, regasification?

The thermal exergetic potential of LH; is a considerable value, namely 5,2% of the total exergy. In compar-
ison, for LNG, it is 0,9%. Therefore, utilizing this thermal exergy is an important factor to look into. In this
research employing power cycles are investigated to utilize the cold exergy. Implementing these power cycles
is possible because a baseload send-out capacity is assumed. It has been concluded that using a nitrogen and
a methane Rankine cycle in series is the most suitable way of recovering the cold exergy. The overall thermal
efficiency of these two cycles in series is equal to 64,2%. By recovering the cold exergy in this way, the LH,
terminal can be energy positive. Considering the environmental regulations, this could be desired; however,
additional process equipment is needed to accommodate these power cycles.

9. What are the possibilities for processing the LH; and related boil-off gas most efficiently and what
is the total energy consumption?

A more detailed evaluation of the various configurations is provided in section |12} However, considering the
baseload requirements of the terminal, it is concluded that the Recondenser-model in combination with the
retrofitted membrane insulated storage tank is the most promising. Due to the recondenser, the BOG flow can
be processed relatively efficient. Therefore, the additional BOG due to the higher BOR of the membrane tank
has little effect on the overall efficiency losses of the terminal. And the membrane retrofitted storage tank will
be considerably cheaper than the newly constructed vacuum tank.

When a requirement of the LH, terminal is a low minimum send-out rate, in that case, the Cold-model is
desired with a vacuum tank design. The minimum flow of the terminal is low, and it processes the BOG
relatively efficient. However, note that these two configurations require compressors that can handle temper-
atures as low as -252 °C.

Extensive research is necessary to determine the cost-efficiency of utilizing cold exergy with power cycles.
If these results are promising or, in case the terminal would be a pilot terminal to show the benefits of LHj,
employing the PC-model (Power cycle) would be of great interest.
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14 Recommendation

In this chapter, the recommendations are outlined. The recommendations are regarding follow-up research
for Gasunie to be able to handle LH; at the LNG-PS in the future and for their Hydrogen Backbone. In addi-
tion, recommendations are provided for the industry.

Gasunie

¢ The energy efficiency for the different terminal configurations has been evaluated in this study. With
these results, a selection has been made with regard to the best terminal configuration. However, to
determine which terminal configuration is the most feasible to build, it is vital to examine the cost-
efficiency. An important factor to be defined is the costs for the (retrofitted) storage tanks. Furthermore,
analysing the cost efficiency for the power cycles is of great interest to determine if this is a feasible
solution.

¢ In this study, the scale of the terminal is based on the two existing storage tanks, as the reuse of these
tanks is considered desirable. However, before it is possible to determine whether retrofitting these
tanks for LH, application is desirable, it is crucial to decide on the wanted storage capacity of a future
LH,; terminal, as there is limited space to build storage tanks. The desired storage capacity is influenced
by various factors described in section[#.3] One factor necessary to determine is the send-out function of
the terminal, for example, the peakshaver function. Therefore, follow-up research is advised to investi-
gate the required storage capacity and send-out function of a future LH, terminal. Besides the storage
tank, the desired send-out function also significantly influences the process equipment selection.

* Recommendations for the specifications of the Hydrogen Backbone constructed by Gasunie. Currently,
the minimum hydrogen inlet temperature to the grid is set at 5°C, which is similar to the natural gas
grid. For the natural gas grid, this value is set at 5°C to make sure the gas will not drop below 0°C as
a result of the positive JT-coefficient. Due to the positive JT-coefficient, the temperature of natural gas
decreases when transporting through pipelines. However, for hydrogen gas in the grid, the JT-coefficient
is negative, meaning the temperature increases slightly when transporting through pipes. Therefore, an
inlet temperature of 0°C for the Hydrogen Backbone needs to be considered. This would improve the
efficiency of the LH; terminal.

¢ No requirements have been defined on the para-hydrogen concentration for the Hydrogen Backbone.
However, the energy content of para-hydrogen is slightly lower than “normal” hydrogen (0,36% of the
HHYV). It is recommended for Gasunie to make a decision on this topic.

¢ In this research, safety requirements have not been considered, however this is essential to be able to
build an LH; terminal. One of the topics which must be addressed is determining the safety zone for a
large-scale LHj storage tank. This is vital to decide on whether both storage tanks are available for LH,
storage. Nevertheless, at the moment, there are no regulations set on this topic.

* Synergy with nearby plants is not considered. Nevertheless, utilizing heat waste or maybe other synergy
possibilities could improve the LHj terminal case significant. Therefore it is recommended to investigate
these options.

For industry in general

¢ The retrofit solution of the LNG storage tank with membrane insulation panels is very promising. In-
vestigating whether this solution is feasible is valuable for a transition from LNG into a fossil-free LH,
industry.

* Besides the LH, pumps (which can be delivered by Nikkiso Cryo Inc.), additional research is required
for the BOG compressor, Super-ORV and vacuum insulated pipelines.

Currently, the BOG compressors cannot operate below -170°C. However, utilizing a compressor that can
handle temperatures as low as -250°C would significantly increase the efficiency of an LH, terminal.
Therefore it is considered vital to develop these compressors for future LH; terminals.
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It is assumed that the Super-ORV is a well-suited solution for the evaporation process. However, the
existing equipment is dedicated to LNG applications. Therefore, research is needed to develop a Super-
ORYV dedicated to LH; usage.

Operating equipment in vacuum insulated pipelines (such as valves) with a diameter greater than 10
inches is not commercially available. Since the LH, terminal requires vacuum-insulated piping up to 32
inches in diameter, it is necessary to develop this equipment.

The thermal exergy of LHj is a significant factor of the total exergy, namely 5,2% (for LNG, it is only
0,9%). There are multiple options available to utilize this exergy. An in-depth study to define suitable
solutions to recover the thermal exergy would be of great interest for an LH; terminal. Usually, thermal
exergy recovery is not feasible considering the cost efficiency. However, developing a universal exergy
recovery process, which can be applied to any LH; terminal, can lower the CAPEX, potentially making
it a viable solution.
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A
Global overview of the processes at the LNG-Peakshaver

A1 Process flow diagram LNG-PS
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Figure 67: The process flow diagram of the LNG-PS [38].
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B
Process equipment current LNG-PS

Process equipment data is confidential and not publicly available.
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C
LH, centrifugal pump

C.1 Performance chart LH, centrifugal pumps CryoStar

In the figure below is a performance chart of the submerged centrifugal LH, pumps designed by CryoStar.
Those submerged pumps have an electrical motor and a seal-less design, allowing cold stand-by for immedi-
ate start. The design is based on: API 610, ISO 13709 and IGC 11/82 [128].
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Figure 68: Performance chart of various centrifugal submersible pumps for liquid hydrogen by CryoStar [128].

From the figure it can be concluded that the SUBSTRAN 175-2/600-RP has a volume flow of around 600 m3/h,
with a head of 225 meter. The head of the pump is another way to describe the pressure increase of the pump
[202]. Calculating the head to the pressure increase can be done with formula For a head of 225 meter,
results in a pressure increase of 1,56 bar. Because the specific gravity of LH; is 0,0708 [203].

p=0,0981xh*SG [Pa] (34)

p pressure (Pa)
h head (m)
5G specific gravity of the fluid



122

D
Hydrogen Backbone

D.1 H; quality specification for the Hydrogen Backbone

Constituents | Specification | Specification 2 | Specification 3 Opm.
1

Hydrogen fuel | 298,0 mol% | 299,0 mol% 299,5 mol% 1

index

Total <1000 <1000 ymol/mol | 1000 pmol/mol 2

hydrocarbons | umol/mol

including

methane

Oxygen (O2) |0,1-0,2 0,1-0,2 mol% 0,1-0,2 mol% 3
mol%

Sum of Inerts | <2 mol% £1,0 mol% <0,5 mol% 4

Carbon =20 <20 pmol/mol <1 pmol/mol 5

dioxide (CO2) | umol/mol

Carbon <20 <20 pmol/mol <1 pmol/mol 6

monoxide pmol/mol

(CO)

Total sulphur | =5 pmol/mol | 5 pmol/mol <1 pmol/mol 7

inel HaS

Formic acid =10 <10 pmol/mol <1 pmol/mol 8
pmol/mol

Formaldehyde | =10 <10 pmol/mol <1 pmol/mol 8

(HCOH) umol/mol

Ammonia =10 <10 ymol/mol <1 ymol/mol 8

(NH2) umol/mol

Halogenated | <0,05 <0,05 pmol/mol | 0,05 pmol/mol 9

compounds pmol/mol

Water -8 °C bij 70 | -8 °C bij 70 bara | -8 °C bij 70 bara 10

dewpoint bara

All other disclaimer disclaimer disclaimer 1

impurities

Temperature | 5-30 °C 5-30 °C 5-30 °C 12

Figure 69: Detailed description of the impurity constraints of the three cases for Gasunie’s market consultation study [33].
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E

Data and results of the thermodynamic cycles

The results of the various thermodynamic cycles are depicted in this Appendix chapter. For each cycle sepa-
rately, the configuration is shown with the corresponding thermodynamic data of each state point of the cycle.
In addition, some general values of the HEX’s within the cycle are given to provide insight for future research
[204]. These data and results are obtained with Aspen Plus [197].

E.1

Helium Brayton cycle
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Figure 70: Overview of the proposed configuration of the Brayton cycle, with helium as the working fluid..
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Table 45: Thermodynamic data of each state point of the helium Brayton cycle

N° Fluid m, [kg/sec] T,[°C] p, [bar] h, [k/kg] s, [ki/kg*K]
4 LH2 3,46 -245,00 54,00 -3802,96 -51,19
5 LH2 3,46 -194,52 54,00 -2973,21 -34,38

la Helium 4,51 -190,00 4,00 -1115,73 9,49

2a Helium 4,51 -102,96 17,00 -659,37 -8,77

3a Helium 4,51 5,00 17,00 98,33 -6,22

4a Helium 4,51 -40,11 10,00 -334,94 -6,03

5a Helium 4,51 5,00 10,00 -100,61 5,12

6a Helium 4,51 -67,47 4,00 -478,93 -4,78

1s Water 117,99 14,00 1,01 -15912,03 9,22

2s Water 117,99 14,04 6,00 -15911,37 9,22

3s Water 117,99 14,11 3,00 -15911,37 9,22

4s Water 117,99 9,00 3,00 -15932,80 9,29

5s Water 49,29 14,00 1,01 -15912,03 9,22

6s Water 49,29 14,04 6,00 -15911,37 9,22

7s Water 49,29 14,11 3,00 -15911,37 9,22

8s Water 49,29 9,00 3,00 -15932,80 9,29

Table 46: Data of the HEXs used in the helium Brayton cycle

HEX Duty [kW] UA [k/s*K] LMTD [°C] MITA ['C] HOT NTU Cold NTU

Cooler 2870,93 33,42 85,90 55,00 1,43 0,59
Heater 1 -2529,38 61,68 41,01 9,11 0,12 2,63
Heater 2 -1056,47 44,49 23,75 9,11 0,22 1,90

E.2 Nitrogen Rankine cycle

In this section, the three different configurations of the nitrogen Rankine cycle is depicted, with related results
of the flows and HEX values. First, the normal RC set-up is discussed. Thereafter the enhanced RC with LIN
production is provided, with 0,5 kg/s LIN production. Lastly, the nitrogen Rankine cycle with a recuperator
HEX is evaluated.
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E.2.1 Nitrogen Rankine cycle - normal
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Figure 71: Overview of the proposed configuration of the Rankine cycle, with nitrogen as the working fluid.

Table 47: Thermodynamic data of each state point of the nitrogen Rankine cycle.

N° Fluid m, [kg/sec] T,[°C] p, [bar] h, [ki/kg] s, [kl/kg*K]
4 LH2 3,46 -245,00 54,00 -3802,96 -51,19
5 LH2 3,46 -194,52 54,00 -2973,22 -34,38
la Nitrogen 11,09 -189,52 2,00 -418,54 -3,84
2a Nitrogen 11,09 -185,34 81,00 -404,98 -3,80
3a Nitrogen 11,09 5,00 81,00 -40,15 -1,44
da Nitrogen 11,09 -53,76 32,00 -95,08 -1,39
5a Nitrogen 11,09 5,00 32,00 -28,88 -1,12
6a Nitrogen 11,09 -127,11 2,00 -159,77 -0,95
1s Water 188,83 14,00 1,01 -15912,03 9,22
2s Water 188,83 14,04 6,00 -15911,37 9,22
3s Water 188,83 14,11 3,00 -15911,37 9,22
4s Water 188,83 9,00 3,00 -15932,80 9,29
5s Water 34,26 14,00 1,01 -15912,03 9,22
6s Water 34,26 14,04 6,00 -15911,37 9,22
7s Water 34,26 14,11 3,00 -15911,37 9,22

8s Water 34,26 9,00 3,00 -15932,80 -9,29
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Table 48: Data of the HEXs used in the nitrogen Rankine cycle.

HEX Duty [kW] UA [ki/s*K] LMTD [°C] MITA [*C] HOT NTU Cold NTU
Condenser 2870,90 80,82 35,52 20,35 1,76 1,42
Heater 1 -4047,71 53,49 75,68 9,11 0,07 2,52
Heater 2 -734,47 26,21 28,02 9,11 0,18 2,10

E.2.2 Nitrogen Rankine cycle - LIN production

® ®
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Figure 72: Overview of the proposed configuration of the enhanced nitrogen Rankine cycle, with additional LIN produc-
tion.
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Table 49: Thermodynamic data of each state point of the enhanced nitrogen Rankine cycle, with 0,5 kg/s LIN production.

N° Fluid m, [ke/sec] T,[°C] p, [bar] h, [ki/kg] s, [ki/kg*K]
4 LH2 3,46 -245,00 54,00 -3802,96 -51,19
5 LH2 3,46 -194,52 54,00 -2973,22 -34,38
N2 Nitrogen 0,50 40,00 2,00 15,20 -0,15
LIN Nitrogen 0,50 -189,52 2,00 -418,54 -3,84
la Nitrogen 10,76 -189,52 2,00 -418,54 -3,84
2a Nitrogen 10,26 -189,52 2,00 -418,54 -3,84
3a Nitrogen 10,26 -185,34 81,00 -404,98 -3,80
da Nitrogen 10,26 5,00 81,00 -40,15 -1,44
5a Nitrogen 10,26 -53,76 32,00 -95,08 -1,39
6a Nitrogen 10,26 5,00 32,00 -28,88 -1,12
7a Nitrogen 10,26 -127,11 2,00 -159,77 -0,95
8a Nitrogen 10,76 -119,42 2,00 -151,64 -0,90
1s Water 174,48 14,00 1,01 -15912,03 9,22
2s Water 174,48 14,04 6,00 -15911,37 9,22
3s Water 174,48 14,11 3,00 -15911,37 9,22
4s Water 174,48 9,00 3,00 -15932,81 9,29
5s Water 31,73 14,00 1,01 -15912,03 9,22
6s Water 31,73 14,04 6,00 -15911,37 9,22
7s Water 31,73 14,11 3,00 -15911,37 9,22
8s Water 31,73 9,01 3,00 -15932,77 9,29

Table 50: Data of the HEXs used in the enhanced nitrogen Rankine cycle, with 0,5 kg/s LIN production.

HEX Duty [kW] UA [k/s*K] LMTD [°C] MITA ['C] HOT NTU Cold NTU
Condenser 2870,90 77,50 37,04 22,08 1,89 1,36
Heater 1 -3741,95 49,45 75,67 9,11 0,07 2,52
Heater 2 -678,99 24,23 28,03 9,11 0,18 2,10
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E.2.3 Nitrogen Rankine cycle - Recuperator
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Figure 73: Overview of the proposed configuration of the nitrogen Rankine cycle, with recuperator.
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Table 51: Overview of the process results of the nitrogen Rankine cycle, with recuperator.

cyel Qin Net Power Thermal Efficiency Whnet / mLH2 mWF / Wnet Required SW flow Pump/turbl/turb2
cle
[kw] [kw] [kWh/ton] [kg / kwh] lkg /s [bar]
N2-RC-Recuperator 2870,92 2146,54 74,8% 172,33 22,65 241,50 81/34/2

Table 52: Thermodynamic data of each state point of the nitrogen Rankine cycle with recuperator.

N° Fluid m, [kg/sec] T,[°C] p, [bar] h, [ki/kgl s, [ki/kg*K]
4 LH2 3,46 -245,00 54,00 -3802,96 -51,19
5 LH2 3,46 -194,52 54,00 -2973,22 -34,38
1a Nitrogen 13,51 -189,52 2,00 -418,54 -3,84
2a Nitrogen 13,51 -185,34 81,00 -404,98 -3,80
3a Nitrogen 13,51 -163,89 81,00 -360,88 3,35
4a Nitrogen 13,51 5,00 81,00 -40,15 -1,44
5a Nitrogen 13,51 -50,40 34,00 91,99 -1,39
6a Nitrogen 13,51 5,00 34,00 -29,37 -1,14
7a Nitrogen 13,51 -129,11 2,00 -161,90 -0,97
8a Nitrogen 13,51 -170,11 2,00 -206,00 -1,33
1s Water 202,11 14,00 1,01 -15912,03 9,22
2s Water 202,11 14,04 6,00 -15911,37 9,22
3s Water 202,11 14,11 3,00 -15911,37 9,22
4s Water 202,11 9,00 3,00 -15932,80 9,29
5s Water 39,46 14,00 1,01 -15912,03 9,22
6s Water 39,46 14,04 6,00 -15911,37 9,22
7s Water 39,46 14,11 3,00 -15911,37 9,22

8s Water 39,46 9,00 3,00 -15932,80 9,29
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Table 53: Data of the HEXs used in the nitrogen Rankine cycle with recuperator.

HEX Duty [kW] UA [kJ/s*K] LMTD [*C] MITA['C] HOTNTU Cold NTU
Condenser 2870,90 108,78 26,39 11,63 0,74 1,91
Heater 1 -4332,32 61,99 69,88 9,11 0,07 2,42
Heater 2 -845,84 31,29 27,03 9,11 0,19 2,05
Recuperator 595,66 25,44 23,41 15,22 1,75 0,92
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E.3 Methane Rankine cycle

Table54]and [55|depict the most suited Rankine cycle values, considering the constraints determined in section
However, if the pressure regime of the methane RC could be higher, the net power production could be
increased. This is shown with the second methane RC, which has similar pressure conditions as the proposed
methane RC by Atienza-Marquez et al. [184]. The pressure outlet conditions of the cycle are 105,3/32/7,5 bar
for respectively the pump and the two turbines in series. Because the outlet pressure of the second turbine
is 7,5 bar, the boiling point of methane rises to -130°C. This makes it possible to utilize more cold exergy
of the LH2 flow, as the hydrogen can be heated up to 135°C instead of only -157°C for the lower pressure
regime cycle. Although the net power production is higher, the thermal efficiency is significantly lower.
The corresponding values of the methane RC operating in the higher pressure regime are shown below in

Appendix

\/

A

6a

Condenser

4 RC

4a

2a 3a 5a
»-| Heater-1 } Heater-2

Figure 74: Overview of the proposed Rankine cycle configuration, which applies to both methane and ethylene as working
fluid.
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E.3.1 Methane Rankine cycle
Table 54: Thermodynamic data of each state point of the methane Rankine cycle.
N° Fluid m, [kg/sec] T,[°C] p, [bar] h, [ki/kg] s, [ki/kg*K]
5 LH2 3,46 -194,00 54,00 -2966,20 -34,29
6 LH2 3,46 -157,52 54,00 -2495,66 -29,39
la Methane 2,86 -152,53 2,00 -5524,40 -11,43
2a Methane 2,86 -148,24 81,00 -5498,65 -11,38
3a Methane 2,86 5,00 81,00 -4785,69 -7,70
4a Methane 2,86 -51,31 32,00 -4868,67 -7,64
5a Methane 2,86 5,00 32,00 -4725,68 -7,06
6a Methane 2,86 -117,92 2,00 -4954,75 -6,78
1s Water 95,06 14,00 1,01 -15912,03 -9,22
2s Water 95,06 14,04 6,00 -15911,37 -9,22
3s Water 95,06 14,11 3,00 -15911,37 -9,22
4s Water 95,06 9,00 3,00 -15932,80 -9,29
5s Water 19,06 14,00 1,01 -15912,03 -9,22
6s Water 19,06 14,04 6,00 -15911,37 -9,22
7s Water 19,06 14,11 3,00 -15911,37 -9,22
8s Water 19,06 9,00 3,00 -15932,80 -9,29
Table 55: Data of the HEXs used in the methane Rankine cycle.
HEX Duty [kW] UA [kJ/s*K] LMTD [°C] MITA [C] HOT NTU Cold NTU
Condenser 1628,07 73,77 22,07 10,08 157 165
Heater 1 -2037,62 35,20 57,89 9,10 0,09 2,65
Heater 2 -408,67 14,86 27,50 9,10 0,19 2,05
E.3.2 Methane Rankine cycle - High pressure regime
Table 56: Overview of the process results of the methane Rankine cycle, operating in the higher pressure regime.
cle Qin Net Power Thermal Efficiency Whnet / mLH2 mWF / Wnet Required SW flow Pump/turbl/turb2
. [kw] [kw] [kWh / ton] [kg / kwWh] [k /s] [bar]

Methane RC- HP

2630,71

803,21

30,5%

64,48

20,46

165,31

105,3/32/7,5
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Table 57: Thermodynamic data of each state point of the methane Rankine cycle, operating in the higher pressure regime.

N° Fluid m, [ke/sec] T,[°C] p, [bar] h, [ki/kg] s, [k)/keg*K]
5 LH2 3,46 -194,00 54,00 -2966,20 -34,29
6 LH2 3,46 -135,05 54,00 -2205,88 -27,10
la Methane 4,57 -130,05 7,50 -5440,85 -10,81
2a Methane 4,57 -122,86 105,30 -5405,72 -10,75
3a Methane 4,57 5,00 105,30 -4815,53 -7,92
4a Methane 4,57 -66,37 32,00 -4911,76 -7,84
5a Methane 4,57 5,00 32,00 -4725,68 -7,06
ba Methane 4,57 -70,51 7,50 -4864,61 -6,94
1s Water 125,70 14,00 1,01 -15912,03 -9,22
2s Water 125,70 14,04 6,00 -15911,37 -9,22
3s Water 125,70 14,11 3,00 -15911,37 -9,22
4s Water 125,70 9,00 3,00 -15932,80 -9,29
5s Water 39,63 14,00 1,01 -15912,03 -9,22
bs Water 39,63 14,04 6,00 -15911,37 -9,22
7s Water 39,63 14,11 3,00 -15911,37 -9,22
8s Water 39,63 9,00 3,00 -15932,80 -9,29

Table 58: Data of the HEXs used in the methane Rankine cycle, operating in the higher pressure regime.

HEX Duty [kW] UA [kI/s*K] LMTD [°C] MITA [°C] HOT NTU Cold NTU

Condenser 2630,71 70,73 37,20 19,32 1,60 1,58
Heater 1 -2694,40 54,67 49,29 9,11 0,10 2,59
Heater 2 -849,52 26,31 32,29 9,11 0,16 2,21

E.4 Ethylene Rankine cycle

The configuration of the ethylene Rankine cycle is illustrated in figure The corresponding data of the
ethylene RC is shown below in table[59)and

Table 59: Thermodynamic data of each state point of the methane Rankine cycle, operating in the higher pressure regime.

N° Fluid m, [kg/sec] T,[°C) p, [bar] h, [kl/kg] s, [kI/kg*K]
5 LH2 3,46 -194,00 54,00 -2966,20 -34,29
6 LH2 3,46 -101,90 54,00 -1765,41 -24,24
la Ethylene 8,67 -96,81 1,50 1227,67 -5,43
2a Ethylene 8,67 -97,52 29,00 1234,19 -5,42
3a Ethylene 8,67 5,00 29,00 1776,50 -3,17
4a Ethylene 8,67 -43,94 12,88 1737,44 -3,14
5a Ethylene 8,67 5,00 12,88 1816,62 -2,82
6a Ethylene 8,67 -92,73 1,50 1707,07 -2,71
1s Water 203,22 14,00 1,01 -16021,86 -9,49
2s Water 203,22 14,04 6,00 -16021,20 -9,49
3s Water 203,22 14,10 3,00 -16021,20 -9,49
4s Water 203,22 9,00 3,00 -16044,33 -9,57
5s Water 29,67 14,00 1,01 -16021,86 -9,49
6s Water 29,67 14,04 6,00 -16021,20 -9,49
7s Water 29,67 14,10 3,00 -16021,20 -9,49

8s Water 29,67 9,00 3,00 -16044,33 -9,57
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Table 60: Data of the HEXs used in the methane Rankine cycle, operating in the higher pressure regime.

HEX Duty [kW]  UA [kI/s*K] LMTD [*C] MITA [C] HOT NTU Cold NTU
Condenser 4154,71 129,47 32,09 8,06 0,13 2,87
Heater 1 -4699,98 145,50 32,30 9,10 0,16 3,17

Heater 2 686,20 27,52 24,93 9,10 0,21 1,96
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BOG handling methods

In this Appendix chapter, the various BOG handling solutions are described. The process flows are shown,
and in some cases, additional information is provided. The first three solutions have been analysed in this
report. The other solutions have been discussed but require more in-depth investigation if deploying on the
terminal is considered.

F1 Normal BOG handling

H, Backbone

In-tank
pumps

LH, tank HP Pump's

Figure 75: Process flow diagram of the Normal BOG handling solution.

In this case, the hydrogen BOG is processed with the compressors designed by Burckhardt. As is shown in the
figure above, a HEX is used before the compressor because the LP-compressors cannot operate below -170°C.
Heating the BOG before compression requires more energy input for the compressor. Therefore, processing
the BOG in this way consumes a lot of energy.

Despite the high energy demands for the BOG process, there are also advantages when using this way of
BOG handling. The first advantage is that the amount of hydrogen supply to the grid is small, as it is equal
to the BOG flow. This is beneficial when the hydrogen demand of the grid is low. In that case, no unwanted
hydrogen has to be delivered to the grid to keep the terminal safe. Furthermore, this way of processing the
BOG is a straightforward process. These benefits also apply to the Cold BOG handling case.
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E2 Cold BOG handling
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Figure 76: Process flow diagram of the Cold BOG handling solution.

For Cold BOG handling, it is assumed that compressors are capable of handling BOG at any temperature.
So no additional heat transfer is needed before the BOG enters the LP-compressor. The temperature of the
BOG leaving the HP-compressor will be below 0°C; therefore, a HEX is required after the compressor pro-
cess. The benefit of this process is similar to the Normal BOG handling case. However, the energy demands
for this method will be lower compared with the previous case since the compression takes place at lower
temperatures.

E3 BOG recondenser process

==
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Recondenser
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Figure 77: Process flow diagram of the BOG recondenser process.

The BOG recondenser process is already discussed in section The benefits of handling the BOG in this
manner is the fact that less energy has to be consumed since pumping requires less energy than gas compres-
sion.

The design of conventional BOG recondenser at LNG terminals consists of two sections. The upper part of the
condenser houses a packed-bed column, where the cocurrent downflow of BOG and the subcooled liquid have
direct contact to recondense the BOG [152]. With a pressure drop of around 10 mbar [205]. In the lower part
of the recondenser, a holdup section is implemented. This holdup section is necessary to provide a significant
NPSH for the HP-pump [152]. Since the LH; leaving the recondenser is considered a less subcooled liquid, it
also affects the NPSH of the liquid. As explained in chapter[7} the NPSH, is necessary to prevent cavitation
issues inside the pump.
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F4 BOG reliquefaction process
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Figure 78: Process flow diagram of the actively reliquefaction process of the BOG.

In this case, the reliquefaction of the BOG flow is considered. This can be an exciting option because the hy-
drogen boil-off gas is already very cold and still in its para-hydrogen state. Furthermore, with this solution, no
minimum hydrogen supply to the grid is necessary. This could be beneficial for the receiving terminal in the
early stages of the hydrogen industry, as demand for the hydrogen grid could be low initially. As the figure
shows, the BOG flow is reliquefied with a reliquefaction process and is separate from the liquid stream. So
the hydrogen supply to the grid is independent of the BOG flow. Therefore no minimum hydrogen supply to
the grid is required.

For the reliquefaction process, first, the BOG flow has to be compressed up to 20 [206] till 40 bar [110]. Due
to this compression, the temperature of the BOG flow increases as well. After this compression, the hydrogen
BOG is cooled with a cooling cycle. The liquid for the cooling cycle is most often helium [207], because this
liquid has a boiling point below the boiling point of hydrogen. After the hydrogen BOG is cooled down with
multiple helium cooling cycles to 21 K [206] or 23 K [110], depending on the pressure of the BOG. The last
phase in the reliquefaction process is the expansion of the hydrogen BOG. This expansion leads to a temper-
ature decrease due to the positive Joule-Thomson coefficient of the hydrogen, explained in section 3] A wet
expander is employed for the expansion process instead of a Joule-Thomson valve because it is more efficient
[110].

The main disadvantage of this way of processing the boil-off gas is the very energy-consuming liquefaction
process. The energy consumption of hydrogen liquefaction is around 20% of the HHV of hydrogen when
atmospheric hydrogen is liquefied [26]. Luckily, the energy consumption for the reliquefaction process of the
BOG flow is lower because of the already lower temperature and para-hydrogen concentration. So the ortho-
para conversion at the liquefaction process is not necessary, which is 16% of the total work of the conventional
liquefaction process [66]. When considering the same BOG reliquefaction as is done by Lee et al. in the article
[110], then the energy consumption for the reliquefaction process of the hydrogen BOG is equal to 9.6% of
the LHV. This 9.6% of the LHV is equivalent to 11,5 MJ/kg required for the reliquefaction process, which is
still significant. Another disadvantage is the additional equipment and extra Helium fluid stream needed for
processing the BOG flow in this way.
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Figure 79: Process flow diagram of the Electrical utilization process of the hydrogen BOG.

As mentioned, utilising the boil-off gas into electricity can be done in two ways, using a fuel cell or a hydrogen
gas turbine. Currently, the gas turbines are not capable of operating with 100% hydrogen input—multiple
issues arising with 100% hydrogen input to the gas turbine. The hydrogen combustion temperature is higher
than with natural gas, which creates hotspots [208]. These hotspots result in a higher NOx concentration in
the emission. Furthermore, the flame propagation velocity of hydrogen is higher than natural gas. This could
lead to flash back issues [208]. Nevertheless, various companies are doing investigations on this topic. They
aim to have a commercially available 100% hydrogen gas turbine within a few years [153], [154].
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Figure 80: Flow diagram of a proposed system by [156], to convert hydrogen BOG into electricity
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As explained, research has been done to convert hydrogen BOG into electricity by means of a fuel cell. The
study done by Marandi et al., employs a fuel cell and two Organic Rankine Cycles operating as a heat re-
covery system to convert the BOG into electricity, as is depicted in figure [80| [156]. The PEM fuel cell has an
energy efficiency of 45%, and the total system has an energy efficiency of 58%, meaning the heat recovery
system increases the overall energy efficiency by 13%. The proposed design by Marandi et al. is a small-scale
design in comparison with the requirements of the receiving terminal because the power output is 1353 kW
with a hydrogen mass flow of only 0,019 kg/s.

The side effect of such a system is the additional equipment and processes at the terminal, which require
extra space at the terminal site as well as a significant investment cost. The total cost rate for the 1353 kW
power generation system explained above is 154,66 $/h [156]. For the large scale design, these costs will be
significantly higher. Further in-depth research is required to investigate the real possibilities for the electrical
utilisation of the hydrogen BOG. Multiple types of fuel cells are available besides the PEM fuel cell, and
the design for the 100% hydrogen gas turbine is probably available before the LH, terminal is operational.
The feasibility study for this form of BOG processing mainly depends on whether the price of the produced
electricity is compatible with the electricity market price.



139

G
Aspen Plus models - LH, terminal configurations

In this Appendix, the Aspen models are provided for the various terminal configurations. The BOG and LH,
streams are depicted separately. The Aspen Plus flowsheet is provided for each stream, with the correspond-
ing input data and thermodynamic data of each flow.

G.1 BOG process flows

In this sections, the results for the various BOG processing streams are presented.

G.1.1 Basic-model (BOG process)

®

[
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Figure 81: Basic-model, BOG processing scheme from Aspen Plus

Table 61: Thermodynamic data of each state point of the Basic-model, BOG processing scheme

N°* Fluid T,[°C] p, [bar] h, [ki/kg] s, [ki/kg*K] p, [kg/m’]
H2-BOG H2 -252,69 1,04 -3482,18 -31,42 1,36
B-1 H2 -250,75 1,04 -3459,32 -30,35 1,22
B-2 H2 -170,00 1,04 -2591,32 -13,93 0,24
B-3 H2 -169,41 1,04 -2584,66 -13,86 0,24
B-4 H2 -49,36 6,58 -1047,75 11,77 0,71
B-5 H2 -48,11 6,58 -1030,43 -11,70 0,71
B-5A H2 48,92 19,81 352,81 111,17 1,47
B5-B H2 40,00 19,30 224,06 -11,47 1,48
B5-C H2 101,45 35,46 1121,97 -11,39 2,25
B-5D H2 40,00 34,60 231,50 -13,89 2,63
B-6 H2 75,83 50,00 758,62 -13,85 3,38
H2-0UT H2 50,00 50,00 383,95 -14,96 3,65
SW-INP1 water 15,00 1,01 -15907,84 9,20 999,10
SW-1A water 15,03 4,00 -15907,44 9,20 999,24
SW-1B water 15,09 1,30 -15907,44 9,20 999,10
SW-0UT1 water 10,09 1,30 -15928,40 9,28 999,71
SW-INP2 water 15,00 1,01 -15907,84 9,20 999,10
SW-2A water 15,03 4,00 -15907,44 9,20 999,24
SW-2B water 15,09 1,30 -15907,44 9,20 999,10

SW-0UT2 water 20,09 1,30 -15886,51 9,13 998,20
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Figure 82: Cold-model, BOG processing scheme from Aspen Plus
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Table 62: Input data for the Basic-model, BOG processing scheme
Stream/Block Name on Scheme Operating parameters
. . V=1
Incoming BOG stream H2-BOG Vapour fraction and pressure p = 1,04 bar
L=202m
Vacuum pipe 4 PIP-4 Length, diameter, heat flux D = 12" (40S)
q=98W/m
BOG heating to -170°C, HEX COLD Seawater temperature change ATgy =-5°C
L=60m
Vacuum pipe 4B PIP-4B Length, diameter, heat flux D =12" (40S)
q=98W/m
. . C e p = 6,58 bar
LP compressor LP-CMP-H Discharge pressure, isentropic efficiency n=07176
L=50m
Vacuum pipe 5 PIP-5 Length, diameter, heat flux D =24"
q=30W/m
. . PP p =19,81 bar
HP comp. stage 1 1ST-HP Discharge pressure, isentropic efficiency n=088
HP comp. stage 2 2ND-HP Discharge pressure, isentropic efficiency E f 859’;6 bar
. . P p =50 bar
HP comp. stage 3 3TH-HP Discharge pressure, isentropic efficiency n=097
Intermitted cooling INT1, INT2 Output temperature T =40°C
BOG cooling to 50°C HOT Seawater temperature change ATgy =5°C
T=15°C
Incoming SW stream SW-INP1, SW-INP2 Temperature, pressure and mass flow p=1atm
m = Design-spec
. ) Variable: B-2 temperature; _ 5
Design spec: SW-INP1 mass flow | - Manipul. varb.: SW-INP1 Tpp =-170°C
. ] Variable: H2-OUT temperature; _ epo
Design spec: SW-INP2 mass flow | - Manipul. varb.: SW-INP2 TrH-out = 50°C
SW pump SW-PMP1, SW-PMP2 | Discharge pressure, isentropic efficiency E i é ?; r
SW pressure at HEX VLV-1, VLV-2 Outlet pressure p =13bar
G.1.2 Cold-model (BOG process)
Note: This way of BOG processing is also used in the PC-model.
[ SW-0uT | =
LP-CMP-C HP-COMP
BHEX
(e«] > {r2-ouT |—=
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Table 63: Thermodynamic data of each state point of the Cold-model, BOG processing scheme

N Fluid T,[°C] p[bar]  h, [ki/kg] s, [ki/kg*K] p, [ke/m’]
H2-BOG H2 -252,69 1,04 -3482,18 31,42 1,36
B-1 H2 -252,65 1,04 -3481,57 31,39 1,36
B-2 H2 -222,85 6,58 -3187,88 29,61 3,35
B-3 H2 222,71 6,58 -3186,31 29,58 3,33
B-4 H2 -142,78 50,00 -2304,31 27,51 9,04
H2-0UT H2 5,02 50,00 -265,36 417,13 4,23
SW-INP1 water 15,00 1,01 -15907,84 9,20 999,10
SW-1A water 15,03 4,00 -15907,44 9,20 999,24
SW-1B water 15,09 1,30 -15907,44 9,20 999,10
SW-0UT1 water 10,09 1,30 -15928,40 9,28 999,71
Table 64: Input data for the Cold-model, BOG processing scheme
Stream/Block Name on Scheme Operating parameters
. . V=1
Incoming BOG stream H2-BOG Vapour fraction and pressure p = 1,04 bar
L=202m
Vacuum pipe 4 PIP-4 Length, diameter, heat flux D =12" (40S)
q=98W/m
LP compressor (can handle . . PP p = 6,58 bar
extremely low temperatures) LP-CMP-C Discharge pressure, isentropic efficiency n=07176
L=50m
Vacuum pipe 5 PIP-5 Length, diameter, heat flux D=24"
q=30W/m
. . . - p =50 bar
HP compressor HP-COMP Discharge pressure, isentropic efficiency n=07176
BOG heating, with ORV BHEX Seawater temperature change ATgy =-5°C
T=15°C
Incoming SW stream SW-INP1 Temperature, pressure and mass flow p=1atm
m = Design-spec
. . Variable: H2-OUT temperature; o
Design spec: SW-INP1 mass flow | - Manipul. varb.: SW-INP1 Tho-out =5°C
SW pump SW-PMP1 Discharge pressure, isentropic efficiency E i é 17); r
SW pressure at ORV VLV-1 Outlet pressure p =13 bar
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G.1.3 Recondenser-model (BOG process)

In this section, the effect of the operating pressures of the recondenser is presented, and after that, the results
of the Aspen simulation model.

When processing the BOG with a recondenser, an LH, flow is required to condensate the hydrogen BOG. As
mentioned before, the operating pressure of the recondenser affects the required LH;/BOG ratio, and also
influences the energy efficiency of the process. An overview of these process characteristics for using the
recondenser at different pressures is provided in table The results are presented from 4 to 8 bar as these
are the pressure ranges of the submerged pump and compressor. The overview shows that a lower operating
pressure of the recondenser requires less energy for the BOG compressor, which results in a more efficient
process. However, this lower pressure also results in a larger LHp /BOG ratio, and thus in a higher minimum
flow rate. The desired operating pressure of the recondenser depends on the send-out requirements of the
terminal. Although the efficiency of the BOG processing stream decreases at a higher operating pressure, the
overall efficiency loss is still significantly lower than the other options to process the BOG flow.

Table 65: Shows the effect of the recondenser operating pressure on the BOG process.

gscfigngE:eS& LH,/BOG ratio | 7755 [%] | Eyq [K]J/kgl | Perc. comp. work [%]
4 9,2 0,14% 204 9%
5 7,7 0,15% 217 12%
6 6,7 0,16% 231 15%
7 59 0,17% 245 18%
8 53 0,18% 260 21%

Note: The thermodynamic data results are shown for the minimum send-out rate, with the recondenser oper-
ating at 8 bar, and the BOG flow is equal to 0,306 kg/s.
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Figure 83: Recondenser-model, BOG processing scheme from Aspen Plus



G.1 BOG process flows

143

Table 66: Thermodynamic data of each state point of the Recondenser-model, BOG processing scheme. Note the
operating pressure of the recondenser is at 8 bar.

N* Fluid T.[d p.[bar] b [K/kgl s, [K/ke*K] p, [kg/m’]
H2-BOG H2 -252,69 1,04 -3482,18 -31,42 1,36
B-1 H2 -252,54 1,04 -3480,30 -31,33 1,35
B-2 H2 -217,91 8,00 -3138,31 -29,43 3,68
BOG-REC H2 -217,48 8,00 -3133,41 -29,34 3,65
LH2-IN LH2 -252,85 1,07 -3931,99 -53,41 70,94
L-1 LH2 -252,02 8,00 -3917,41 -53,18 70,91
LH2-REC LH2 -251,90 8,00 -3916,19 -53,12 70,77
R-1 LH2 -243,20 8,00 -3792,34 -48,35 54,71
REC-OU LH2 -243,21 7,99 -3792,34 -48,35 54,70
L-1 LH2 -252,02 8,00 -3917,41 -53,18 70,91
L-3 LH2 -240,29 23,99 -3748,68 -47,88 55,45
L-4 LH2 -237,52 39,99 -3705,62 -47,46 56,05
L-5 LH2 -234,84 55,99 -3663,01 -47,08 56,57
H2-OUT H2 5,00 55,99 -263,18 -17,60 4,72
SW-INP3 water 15,00 1,01 -15807,84 -9,20 999,10
SW-3A water 15,03 4,00 -15807,44 -9,20 999,24
SW-3B water 15,09 1,30 -15807,44 -9,20 999,10
SW-0OUT water 10,09 1,30 -15928,40 -9,28 999,71
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Table 67: Input data for the Recondenser-model, BOG processing scheme
Stream/Block Name on Scheme Operating parameters
. . V=1
Incoming BOG stream H2-BOG Vapour fraction and pressure p = 1,04 bar
L=202m
Vacuum pipe 4 PIP-4 Length, diameter, heat flux D =12" (40S)
q=98W/m
p = Recon. operating
LP compressor (can handle LP-CMP-C Discharge pressure, isentropic efficiency | pressure
extremely low temperatures)
n=0,7176
L=50m
Vacuum pipe 5 PIP-5 Length, diameter, heat flux D=24"
q=30W/m
T=203K
Incoming LH; stream LH,-IN Temperature and pressure p =0,0574 barg
m = design-spec
p = Recon. operating
Submerged pump SB-PUMP Discharge pressure, isentropic efficiency | pressure
n =067
L=202m
Vacuum pipe 2 PIP-2 Length, diameter, heat flux D = 12" (40S)
q=98W/m
Recondenser (Mixer) RECOND Pressure drop p =0Dbar
Recondenser pressure drop REC-2 Pressure drop Ap = 10 mbar
Design spec: NPSHp Variable: the NPSHy of the HP-PMP1 _
of the HP-pump ) Manipul. varb.: LH>-IN NPSHa =25m
High pressure pump HP-PUMP (1,2,3) | Pressure increase, isentropic efficiency IAIIi 31667bar
T=15°
Incoming SW stream SW-INP3 Temperature, pressure and mass flow p=1latm
m = Design-spec
SW ORV HX-L Seawater temperature change ATgy =-5°
. . Variable: H2-OUT temperature; o
Design spec: SW-INP3 mass flow | - Manipul. varb.: SW-INP3 To-ouT =5
SW pump SW-PMP3 Discharge pressure, isentropic efficiency E : é l;; r
SW pressure at ORV VLV-3 Outlet pressure p=13bar
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G.2 LH; stream processing
G.2.1 Normal LH; processing

This way of LH; processing has been used in the Basic-model, Cold-model and Recondenser-model.
it
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Figure 84: Normal LH, processing scheme from Aspen Plus, used in the Basic-, Cold- and Recondenser-model.

Table 68: Thermodynamic data of each state point of the Recondenser-model, BOG processing scheme. Note the operating
pressure of the recondenser is at 8 bar.

N° Fluid T,[°C] p, [bar] h, [ki/kg] s, [ki/kg*K] p, [kg/m?]
LH2-TANK LH2 -252,85 1,07 -3931,99 -53,41 70,94
L-1 LH2 -252,25 6,07 -3921,47 -53,24 70,92
L-2 LH2 -252,22 6,07 -3921,18 -53,23 70,88
L-3 LH2 -250,32 22,07 -3887,49 -52,72 70,85
L-4 LH2 -248,44 38,07 -3853,78 -52,25 70,85
L-5 LH2 -246,58 54,07 -3820,08 -51,82 70,87
L-6 LH2 -246,54 54,07 -3819,70 -51,80 70,84
H2-GRID H2 5,02 54,07 -263,72 -17,45 4,56
SW-INP3 water 15,00 1,01 -15907,84 -9,20 999,10
SW-3A water 15,03 4,00 -15907,44 -9,20 999,24
SW-38B water 15,09 1,30 -15907,44 -9,20 999,10

SW-0UT3 water 10,09 1,30 -15928,40 -9,28 999,71
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Table 69: Input data for the Basic, Cold and Recondenser-model, LH, processing scheme

Stream/Block Name on Scheme Operating parameters
Incoming LH; stream LH,-TANK Temperature and pressure ; z 5062712 barg
. . o Ap =5 bar
Submerged pump SB-PMP Pressure increase, isentropic efficiency n=067
L =100 m
Vacuum pipe 2 PIP-2 Length, diameter, heat flux D =127 (40S)
q=98W/m
. . . o Ap =16 bar
High pressure pump HP-PUMP (1,2,3) | Pressure increase, isentropic efficiency n=067
L=130m
Vacuum pipe 3 PIP-3 Length, diameter, heat flux D =127 (40S)
q=98W/m
Seawater ORV HX-L Seawater temperature change ATgy =-5°
T=15°
Incoming SW stream SW-INP3 Temperature, pressure and mass flow p=1atm
m = Design-spec
. . Variable: H2-GRID temperature; o
Design spec: SW-INP3 mass flow | - Manipul. varb.: SW-INP3 TH2-GRID =5
SW pump SW-PMP3 Discharge pressure, isentropic efficiency E : g ?;r
SW pressure at ORV VLV-3 Outlet pressure p =13bar

G.2.2 PC-model (LH,-flow)

In this flowsheet, the two power cycles are not implemented; instead, a heater block (2RCS) is added to heat
LH,; flow to -157,7°. As the results are determined separately, adding the two power cycles into this flowsheet
is not necessary. The results and flowsheet for the power cycles can be found in Appendix[E]
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Figure 85: PC-model, simplified LH; processing scheme from Aspen Plus
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Table 70: Thermodynamic data of each state point of the Recondenser-model, BOG processing scheme. Note the operating
pressure of the recondenser is at 8 bar.

N° Fluid T,[°C] p, [bar] h, [ki/kg]l s, [ki/kg*K] p, [kg/m’]
LH2-TANK LH2 -252,85 1,07 -3931,99 -53,41 70,94
L1 LH2 252,25 6,07 -3921,47 -53,24 70,92
L2 LH2 252,24 6,07 -3921,34 -53,24 70,90
L3 LH2 250,34 22,07 -3887,66 -52,73 70,87
L4 LH2 248,45 38,07 -3853,96 -52,26 70,87
L5 LH2 246,60 54,07 -3820,26 -51,83 70,89
L6 LH2 246,58 54,06 -3820,10 -51,82 70,87
L7 H2 -157,70 54,06 -2498,00 -29,42 11,08
H2-GRID H2 5,00 54,06 264,02 -17,45 4,56
SW-INP3 water 15,00 1,01 -15907,84 9,20 999,10
SW-3A water 15,03 4,00 -15907,44 9,20 999,24
SW-3B water 15,09 1,30 -15907,44 9,20 999,10
SW-0OUT3 water 10,09 1,30 -15928,40 9,28 999,71

Table 71: Input data for the PC-model, LH;, processing scheme

Stream/Block Name on Scheme Operating parameters
. T=203K
Incoming LH; stream LH,-TANK Temperature and pressure p = 0,0574 barg
. . C e Ap =5 bar
Submerged pump SB-PUMP Pressure increase, isentropic efficiency n=067
L=100m
Vacuum pipe 2 PIP-2 Length, diameter, heat flux D = 12" (40S)
q=98W/m
. . . P Ap =16 bar
High pressure pump HP-PUMP (1,2,3) | Pressure increase, isentropic efficiency n=067
L=130m
Vacuum pipe 3 PIP-3 Length, diameter, heat flux D = 12" (40S)
q=98W/m
Heat trangfer with the 2RCS Outlet temperature T=-157,7°
two Rankine cycles
Seawater ORV HX-L Seawater temperature change ATgy =-5°
T=15°
Incoming SW stream SW-INP3 Temperature, pressure and mass flow p=1atm
m = Design-spec
. ] Variable: H2-GRID temperature; ro
Design spec: SW-INP3 mass flow | - Manipul. varb.: SW-INP3 THo-GRID =5
SW pump SW-PMP3 Discharge pressure, isentropic efficiency E i 3 ];; '
SW pressure at ORV VLV-3 Outlet pressure p =13 Dbar
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