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Background and objective 
 
There is an increasing concern related to climate change. This has led to the interest in using 
hydrogen as energy carrier and fuel for transportation, power production, industry and potentially 
other applications in order to avoid the end-use CO2 emissions.  
 
Norway has vast amounts of energy resources in form of natural gas and electricity from hydro- and 
wind power. A valorization of these resources to produce hydrogen may give great opportunities for 
Norway. 
 
There are however several challenges related to the practical implementation of hydrogen as energy 
carrier. A suitable way of transporting larger amounts of hydrogen over long distances will be in 
liquid form at temperatures around -250 ⁰C, as liquid hydrogen (LH2). Even with well insulated 
storage tanks, a certain heat inleak will create boil-off gas (BOG) that must be handled.  
 
Reliquefaction of the boiloff gas is a likely possibility if it cannot be handled by pressure build-up in 
the storage tank or utilized in some other way. Reliquefaction is a frequently used method to handle 
boil-off from LNG. However, due to the low temperature of LH2 a reliquefaction plant may become 
more complex. 
 
The aim of this Master thesis work is to explore hydrogen boil-off gas handling by reliquefaction for 
various sizes of storage tanks. 
 
The following tasks are to be considered: 
 

1. Literature survey related to concepts and equipment for liquefaction and storage of hydrogen 
2. Select a set of process concepts for reliquefaction of hydrogen BOG relevant for volume rates 

corresponding to different storage tank sizes, and if relevant, for on-shore and maritime 
applications 

3. Modelling of the most relevant concepts and performing simulation/optimization for 
comparison in Hysys using the best available EoS with latest update of parameters for 
hydrogen and the refrigerants used 
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4. Validate the thermodynamic data of Hysys with data from the thermodynamic library 
ThermoPack  

5. Comparing the concepts related to energy efficiency and other relevant parameters, such as 
complexity and component selection 

6. Perform a simplified cost comparison of relevant concepts to investigate the feasibility of 
realizing reliquefaction plants for LH2 storage 

7. Make a draft scientific paper based on the work performed 
8. Propose a plan for further work 
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Supervisor   
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Summary

The main objective of the thesis was to develop concepts for hydrogen boil-off gas relique-
faction. Three different processes were simulated, analyzed, and compared: helium Bray-
ton refrigeration cycle with two helium turbine expanders, hydrogen Claude refrigeration
cycle with two hydrogen expanders, and Brayton refrigeration cycle with two expanders
for the mixture of helium and neon called ”nelium”. Regarding assessed energy efficiency,
the most efficient was the nelium Brayton refrigeration process, followed by the hydrogen
Claude process, and the least efficient was the helium Brayton refrigeration cycle.

This research topic addresses an important aspect of using a relevant and promising en-
ergy source. This thesis provides a systematic approach to an energy efficiency evaluation
of boil-off gas reliquefaction solutions as well as some general conclusions that can be
made when comparing the options studied. Interestingly, one conclusion is that higher
hydrogen feed pressure is not theoretically beneficial if compared to hydrogen liquefac-
tion processes. Furthermore, findings suggest that the benefits of implementing the liquid
hydrogen turbine expander instead of the Joule-Thomson valve do not justify implemen-
tation of a more complex, and more expensive, machinery. It was also concluded that the
mixed refrigerant process with helium and neon would need to be significantly improved
to be an attractive option for implementation. Adding hydrogen into the mix seems to be
one of the most promising solutions.

This thesis provides general guidelines and insights regarding the handling of boil-off gas.
Even though the focus of this master’s thesis was on reliquefaction processes of the entire
boil-off gas, other alternatives for handling boil-off gas are discussed and compared.
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ṁ . . . . . . . . . . . . . . . . Mass flow

min . . . . . . . . . . . . . . . Minimum

no . . . . . . . . . . . . . . . . Number

N2 . . . . . . . . . . . . . . . . Nitrogen

Ne . . . . . . . . . . . . . . . . Neon

out . . . . . . . . . . . . . . . Outlet

P . . . . . . . . . . . . . . . . . Power

p . . . . . . . . . . . . . . . . . Pressure

PFHX . . . . . . . . . . . . Plate-fin heat exchanger

Ref . . . . . . . . . . . . . . . Refrigerant

s . . . . . . . . . . . . . . . . . Specific entropy

SEC . . . . . . . . . . . . . . Specific energy consumption

SNG . . . . . . . . . . . . . . Synthetic natural gas

SWHX . . . . . . . . . . . Spiral-wound heat exchangers

T . . . . . . . . . . . . . . . . . Temperature

xiv



U . . . . . . . . . . . . . . . . . Heat transfer coefficient

W . . . . . . . . . . . . . . . . Work

Q . . . . . . . . . . . . . . . . . Heat transfer duty

x . . . . . . . . . . . . . . . . . Mole concentration

η . . . . . . . . . . . . . . . . . Energy efficiency

ψ . . . . . . . . . . . . . . . . . Exergy efficiency

xv



xvi



Chapter 1
Introduction

In recent years, heat records have been broken across the world, oceans have shown con-
sistent temperature rise, extreme events have been occurring at higher rates, glaciers have
been melting, seas have been rising. These, as well as a host of other indicators, illustrate
that global changes are real and serve to thin out any remaining global climate change
skeptics. Rapid climate change impells us to realize how quickly life on this planet could
become unbearable, not only for us but also for other creatures. While climate changes are
not historically new for humanity, this time the changes are more severe and rapid and, im-
portantly, we are aware that humans are, at least partially, the cause. Society will sooner or
later have to deal with these challenges in order to survive. According to the UN environ-
mental report, sectors with the highest emission reduction potential are energy, electricity
and heat production, industry, forestry, transport, and agriculture Programme (2019).

There have several alternatives proposed in different sectors on how to deal with this cri-
sis, many of which include the use of hydrogen. It is expected that hydrogen technology
will play an important, if not crucial, role in the future. However, there are still several
challenges that must be overcome before fulfilling the promise of hydrogen. One of the
challenges to be resolved is related to liquid hydrogen, specifically the question of how
to most efficiently deal with boil-off gas. In our preliminary research, we proposed sev-
eral options for the handling of boil-off gas in different circumstances. A consideration of
these proposals within the context of this master’s thesis can be found within the consider-
ation for future research portion of the conclusion sections (Chapter 6) and proposals for
further work (Chapter 7). However, the focus of this thesis is on reliquefaction options for
hydrogen BOG, and the analysis is dedicated solely to these alternatives.

1.1 Background and motivation

Countries with vast resources of natural gas or other hydrocarbons could produce and ex-
port energy in the form of hydrogen rather than hydrocarbons. Alternatively, countries
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with a significant amount of renewable energies such as solar, wind, and hydro could use
the surplus produced electrical energy to then produce hydrogen via electrolysis and use it
as an energy storage form. Norway is a prime example of interest in both alternatives’ ap-
plications and should be leading the research on hydrogen, including its liquid form which
has a significantly higher energy density in comparison to the gas. However, liquid gases
are always accompanied by boil-off gas due to heat inleaks and subsequent evaporation.
Therefore, dealing with boil-off gas is an important aspect of a promising energy form.

BOG in liquid hydrogen is inevitable and thus necessitates proper handling. While in
literature there are a plethora of studies related to liquefied natural gas, research on the
handling of hydrogen BOG is sparse. Reliquefaction is especially complex in the case of
LH2 because of lower temperature, the penetration of hydrogen molecules through mate-
rials, ortho-para conversion, and other similar specific issues.

The scope of this thesis includes exploring and developing general concepts to efficiently
handle hydrogen BOG for different applications, as well as providing a systematic ap-
proach to analyzing and comparing the efficiency of different concepts. The focus of these
general concepts is on reliquefaction processes.

1.2 Thesis structure
The thesis is structured in the following chapters:

• Chapter 1: Introduction: Arguments are given as to why the research scope of
this thesis is important and relevant. While the topic is currently not researched yet
thoroughly, this is expected to change.

• Chapter 2: Theory and literature review: An overview of relevant literature re-
lated to liquefaction processes for LNG and liquid hydrogen, BOG handling for
LNG and liquid hydrogen, and process equipment in liquid hydrogen industry. Fur-
thermore, basic theoretical concepts are presented, and the equations of state for
the simulations of processes related to liquid hydrogen are discussed. Some rele-
vant specific concepts are explained in relation to cryogenics, particularly LNG and
liquid hydrogen fields.

• Chapter 3: Concepts for liquid hydrogen boil-off gas reliquefaction: In this
chapter, several concepts related to hydrogen BOG reliquefaction are presented as
the basis for explaining and understanding processes that are the subject of the re-
search topic.

• Chapter 4: Process simulation: Simulation procedural steps and specific assump-
tions used for simulations are laid out.

• Chapter 5: Final results and analysis: The main simulation results are presented.
Reliquefaction processes are compared directly based on the predefined key perfor-
mance indicators.
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• Chapter 6: Conclusion: The research results are discussed and conclusions are
drawn based on the research experience; limitations of this thesis are considered.

• Chapter 7: Proposal for future research: Further research ideas are listed and
recommendations proposed.
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Chapter 2
Theory and literature review

This chapter provides a review of existing technologies related to liquefaction, reliquefac-
tion, and handling of boil-off gas for hydrogen and liquefied natural gas. An overview of
concepts used in practice, equipment, and existing levels of BOG rates from different types
of storage tanks are presented. This chapter begins with a short introduction into liquefac-
tion processes, continuing with LNG specifics and practice, before ending the chapter by
presenting hydrogen specifics. These specifics include cryogenic components needed for
hydrogen liquefaction, equations of states necessary to carry out simulations, and similar.

2.1 Thermodynamics of liquefaction processes
Before reviewing the existing liquefaction processes in LNG and LH2 industries, it is
important to present how liquefaction processes are analyzed. Given are the definition
of energy and exergy efficiencies, key performance indicators of these processes, specific
energy consumption, and other characteristics.

One of the important parameters regarding liquefaction is energy efficiency - in the broad-
est sense it is defined as a ratio between useful output energy and consumed input energy:

η =

∑
Eout∑
Ein

(2.1)

In the above general formula of efficiency, energy can be in any form, including thermal,
electrical and mechanical energy. Specifically to liquefaction processes, the most com-
mon use of liquefaction efficiency is in the form presented below (Marmolejo-Correa and
Gundersen, 2012):

η =
Eliq + x

∑
Wexp

Egas +
∑
Wcomp

(2.2)

In Equation 2.2, the energy of produced liquid and produced work from expanders are
considered for energy outputs, while energy inputs consist of the energy of a gas phase at
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the beginning and work needed for compression, which includes pumps and compressors.
However, it is not possible to utilize produced work from expanders completely, thus x is
a fraction of utilization. Furthermore, in certain cases, including BOG handling, it is hard
to utilize it at all, and this case x is equal to 0. Usually, specific energy is used to compare
different processes, to indicate the energy needed for a given amount of product. The main
goal of the process is to consume the least possible amount of energy for a given amount
of product; the best processes have the lowest specific energy. Specific energy is defined
as the ratio between consumed energy and mass flow of the product at the outlet, in the
case of LNG and hydrogen, these are the liquid products at the end:

e =
Econs

ṁout
(2.3)

All energies forms are the sum of exergy Ex and anergy A, where exergy represents max-
imum useful work, while anergy represents the part of the energy which cannot be con-
verted at all:

E = Ex+An (2.4)

In general, there are three types of energy involved in a conversion. First, some energies
can be converted to any other form of energy without any limitations, and these energies
include mechanical work, electrical energy, etc. In these cases, the amount of anergy
equals zero, and all energy consists of exergy. The second type of energy can be partially
converted, and energy consists of both exergy and anergy, for example, heat. The third
type is the energy that cannot be converted at all and consists just of anergy. A typical
example is the internal energy of ambient.

According to the first law of thermodynamics, all processes have a constant sum of exergy
and anergy. However, according to the second law of thermodynamics, in every ideal and
reversible process exergy stays constant, while for every real and irreversible process at
least part of exergy is converted into anergy (Rant, 2001).

For any refrigeration or cryogenic liquefaction cycle, exergy efficiency is defined as a ratio
between minimum specific energy required for a reversible process and consumed specific
energy (Marmolejo-Correa and Gundersen, 2012):

ψ =
emin

ereal
(2.5)

Minimum specific energy for refrigeration is derived from the second law of thermody-
namics, and it is defined as the exergy change between the state 1, usually gas phase, and
the state 2, liquid phase at certain pressure:

emin = ∆ex = h2 − h1 − Tamb(s2 − s1) = SEC (2.6)

To analyze the process, it is also very important to determine the exergy efficiencies of
the main process equipment, such as compressors, heat exchangers, valves, turbines, and
similar. Therefore, it is important to define the exergy efficiencies of these components
and consequently their irreversibilities. These equations are presented in the last part of
this chapter.
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2.2 Liquefied natural gas

Knowledge and experiences from liquefied natural gas is an important source to develop
new concepts for liquid hydrogen transportation. Both LNG and LH2 offer better eco-
nomic solutions than pipeline gas when the gas market is located far away from the source
(Yang and Ogden, 2007). Furthermore, both of these fuels offer flexibility to the sellers
and buyers, which is in the case of pipelines limited to the existing network.

Natural gas liquefaction is done by cooling to the temperature around −162 ◦C, which is
significantly higher than hydrogen liquefaction temperature at ambient pressure equal to
1013.25 mbar and has an expansion ratio, which is a ratio between the normal volume of
the gas phase and liquid phase of the same mass, around 600 (Vaudolon, 2000). All process
chain to make LNG is very complex, but relevant for our thesis is just a part related to
liquefaction of natural gas and handling of boil-off gas during transportation and storage.
LNG is colorless cryogenic liquid with a density range from 430 kg m−3 to 520 kg m−3

(Vaudolon, 2000), and it shares many cryogenic properties with liquid hydrogen. The main
problem of all cryogenic liquids is the evaporation of LNG due to imperfect insulation,
which leads to heat leaks into a reservoir and consequent pressure increase. To release the
pressure, it is necessary to release boil-off gas from the reservoir. As a result of methane
emissions concerning BOG venting, regarding safety for personnel and equipment and
energy losses for LNG and LH2, it is necessary to handle BOG. Knowledge from the LNG
industry about BOG handling could help develop appropriate technology also in the case
of LH2.

2.2.1 Liquefaction processes for liquefied natural gas

There are several ways how to liquefy NG, but only the main processes will be described
here. In 2018, the largest part of existing capacity represents Air products process, the
most common liquefaction process with 41 % of the market share is Air product propane
pre-cooled mixed refrigerant process (UNION, 2019). The other important alternatives
are ConocoPhillips optimized cascade process, Air Products propane precooled single
mixed refrigerant, AP-X also from Air Products, where refrigerants are either nitrogen
or methane, and Linde mixed fluid cascade process. Natural gas is a mixture of different
hydrocarbons and other gases, which means that it has a gliding cooling curve. Intuitively,
this means that a good boiling refrigerant mixture has a heating curve with a changing
gradient, which in theory leads to a closer gap between the hot and cold composite curves.
On the other side, gas refrigerants have less changing gradient and the gap is in theory
larger, which results in larger entropy generation and consequently decreasing efficiency.
A cascade process is characterized by several multi-stage pure or mixed refrigerant cycles
and heat is absorbed in distinct temperature levels. The idea is to follow closely the cool-
ing curve by splitting it into several parts and using different refrigerants at each one. The
goal is to try to find the best refrigerant at each level and closing the gap.

One of the best examples of the cascade process for LNG is the ConocoPhillips Optimized
cascade process with aluminum heat exchangers. In this case, three pure refrigerants are
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propane, ethylene, or IUPAC name ethene and methane. Their properties are easily deter-
mined, which ensures smooth operation. Optimization ensures a closed approach between
NG stream and refrigerant streams, and refrigerants with good heat integration properties
lead to high efficiency. Furthermore, it is worth noticing that this process possesses high
flexibility and availability because each refrigerant stream can be controlled separately.
The main problem with this process is that it has a high capital cost due to a large number
of process equipment (Fahmy et al., 2016a), (ConocoPhillips, 2013).

Air Products propane precooling and mixed refrigerant is the most widely used process
for LNG plants. It consists of propane precooling in several stages using kettle type evap-
orators. Liquefaction and subcooling are done with the mixed refrigerant liquefaction
cycle, where a mixture of propane, ethane, methane, and nitrogen is used. In this case,
coil-wound heat exchangers are used, and these heat exchangers have been constantly im-
proving in terms of size. It possesses high efficiency due to a good fit of composite curves
and technology is well established. It is also believed to be the most cost-effective and
reliable process for base-load operation (Fahmy et al., 2016b), (Airproducts, 2013).

The AP-X process was developed to increase train capacity. In comparison to AP-C3MR,
subcooling is done with the third N2 expander cycle. The main advantage is that the
nitrogen cycle ensures smaller duty on propane and mixed refrigerant cycles, decreasing
flow rates of both, reducing the size of the equipment. This means that this process has
higher train capacity and it has high efficiency and low production cost. However, the
main problem is that scaling up the economy is worse than for the AP-C3MR process, due
to continuing size improvements of coil-wound heat exchangers (Pearsall and Schmidt,
2012), (Airproducts, 2013).

Dual mixed refrigerants use two separate mixed refrigerant cycle for subcooling, where
this is usually a mixture of ethane and propane and another mixed refrigerant for liq-
uefaction and subcooling, and it is offered by both Air Products and Royal Dutch Shell
PLC. Recently, the DMR process gained momentum, because, in comparison to propane
pre-cooled mixed refrigerant process, its advantages are lower specific energy consump-
tion, larger train capacity, and less flammable refrigerant. However, this technology has
been only implemented into few plants and there are still some challenges related to the
complexity of the process. In general, it has similar efficiency to AP-C3MR in tropical
climates, but it is more efficient in colder climates (Khan et al., 2016), (Vikse et al., 2018).

Linde and Equinor, at the time Statoil, developed the Mixed Fluid Cascade cycle, where
three different mixed refrigerants are used for precooling, liquefaction and subcooling.
The first cycle uses plate-fin heat exchangers, and liquefaction and subcooling use coil-
wound heat exchangers. Precooling mixed refrigerant varies depending on ambient tem-
perature, which can ensure the closest gap between the feed and the refrigerant at different
ambient conditions. Higher efficiency than the cascade process is the main advantage.
However, at the start, there were plenty of problems with startup and operation (Ding
et al., 2017), (Linde, 2019a).
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The single mixed refrigerant process has just one multi-component refrigerant for pre-
cooling, liquefaction and subcooling. This makes a simple and flexible process with lower
capital costs. However, the power consumption is higher and the overall efficiency is lower
in comparison to other processes, thus it is mostly used for small scale LNG and offshore
applications (Moein et al., 2015).

Another option is to use a single-phase gas as the refrigerant. In the LNG industry, this is
most often nitrogen (N2), but it can also use methane or mixture of methane and nitrogen
and are generally used for small-scale or offshore LNG plants, BOG reliquefaction on
board of LNG ships, trucks and similar. The simplest form of this process is usually a
reversed Brayton cycle with just one expander and low efficiency. The process can be
improved by using a separate precooling process and few expander stages, usually two
or three. An alternative is to use feed gas as a refrigerant, which prevents problems with
storage and import of additional refrigerant. AP-C1 process can deliver natural gas at low
or high pressure for the pipeline or as LNG. It can be also used to reliquefy BOG.

2.2.2 LNG boil-off gas handling

In general, most of the reliquefaction processes for BOG are derived from the reversed
Brayton process, potentially sometimes Claude process. These processes in the LNG in-
dustry need to be simple to be economically viable, and this is most likely the case also for
liquid hydrogen. For LNG, usually, the boil-off rate (BOR), which represents the amount
of boil-off gas per stored volume in a given time, is between 0.1 % d−1 to 0.8 % d−1,
mostly depending on the tank insulation, shape and size, ambient conditions and some
other factors (Jang et al., 2011), (Romero et al., 2012).

Receiving terminals

At the receiving terminals, the best option is usually just to compress BOG to the pressure
of export gas, or use it to generate heat and power. However, if there is no potential use
for BOG, the best way is to reliquefy it. In the past, it was common to use a flare for BOG
instead, but regulations do not allow it anymore due to potential methane emissions, which
has a strong impact on the environment.

The main options to reliquefy BOG for larger capacity terminals with more than 1 tonne
are usually based on the nitrogen refrigeration cycle due to simplicity and low mainte-
nance, easy design, low investment cost and similar. A condenser operates at around
−161 ◦C and pressures from 3 bar to 10 bar. Conventionally, this has been done in the
packed column, where BOG is a continuous phase. However, a better alternative in terms
of size, cost, and weight is the static mixer (Liquide, 2017).

For smaller capacities, the best options are reliquefaction using a turbo-Brayton cycle
or technology, where liquid nitrogen is stored at the lower temperature than LNG in the
additional reservoir on site and then used in a heat exchanger to cool down and reliquefy
LNG BOG (Liquide, 2017).
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LNG Ships

Small size LNG carriers and LNG bunker vessels are equipped with cylindrical tanks, and
they usually use N2 reverse Brayton reliquefaction process. These smaller LNG carriers
usually cannot use LNG in the engine, so the part of the equipment is also the gas combus-
tion unit (GCU). GCU unit works as a kind of flare and it is simply used to manage boil-off
gas. For smaller carriers, it is also possible to use the Turbo-Brayton cycle to subcool LNG
and mix it with BOG. Consequently, heat and mass transfer cause absorption of BOG into
LNG, thus liquefying it (Lee, 2017).

For larger tankers equipped with membrane tanks, there are two main alternatives. Some
of the ships cannot use LNG in the main engines, so the solutions for BOG handling are
similar to smaller ones. This means that they are equipped with a reliquefaction process
and GCU. On the other hand, some of the LNG tankers can use LNG as a fuel in the
main engines. Most of the existing LNG tankers are equipped with the MAN 2-stroke
gas engine, which uses LNG high duty pumps to give pressure around 300 bar (solutions
MAN, 2020). Furthermore, Burckhardt compression AG developed high-pressure com-
pressors for BOG (Burckhardt, 2019). However, new LNG tankers usually prefer to use
the WinGD engine, which uses a 2-stroke low-pressure engine with gas inlet pressure at
16 bar, and in this case, BOG compression is not so consuming (Parker, 2019). In Japan,
some LNG carriers use a steam boiler with a steam turbine as the main propulsion, but this
solution is not popular in other countries due to more complex operation, which requires
competent operators and they are hard to find. Otherwise, these tankers are also equipped
with N2 reverse Brayton liquefaction process and GCU (Fernandez et al., 2017).

Other ships, which use LNG as a fuel for the main engine, such as cruise ships, container
vessels and similar, are usually equipped with LNG storage tanks and LNG pumping sys-
tem to the main engine. Most of these ships are not equipped with reliquefaction processes,
but they have GCU. At the moment, intensive research and development are focused on
trying to improve the handling of the boil-off gas on ships (Kim et al., 2019).

LNG Trucks

For LNG trucks, there were some proposals to use different methods to liquefy or use
BOG, instead of venting it once the certain pressure was reached. This was a big problem
when a truck has not been in operation for some time and a significant amount of BOG
was generated in the tank, resulting in high pressure. In this case, the pressure safety valve
would open and release BOG, due to safety. In this case, GHG emissions are significant,
because global warming potential of methane is 34, which means that emissions of 1 kg of
methane is equal to 34 kg of CO2 (Myhre et al., 2013).

Most of the studies have been more focused on reducing BOG, rather than handling it.
However, main ideas for handling BOG was related to fueling stations for LNG, where
BOG inside truck reservoirs would be transported from trucks to the stations. There, BOG
could be treated in several different ways depending on the initial design, such as injecting
BOG into the gas grid if the station is connected to it, cogeneration of heat and power if
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there is sufficient demand or compressing BOG, and using it as compressed natural gas
if there is a part of the station, which offers also CNG for other vehicles (Leclercq and
Desrumaux, 2018).

Furthermore, there have not been many studies that focused on the treatment of BOG
during the voyage. Even fewer truck manufacturers decided to implement any solutions
related to BOG. However, this might change shortly with the implementation of new rules
in the European Union. These solutions include using gas burner for BOG to generate
heat which can be used to heat an engine coolant or catalysts, use BOG to run an engine
or solid oxide fuel cells to generate heat and electricity, or compressing BOG, cooling it to
the ambient temperature and then expanding, thus liquefying it (Gunnarsson and Heland,
2015).

2.3 Liquid hydrogen

Hydrogen is the most abundant element in the universe and it represents around 90 % of
atoms. Furthermore, hydrogen and helium were first elements to form in our universe,
and stars at the beginning consists mainly of hydrogen plasma. Hydrogen is also the light-
est element in the periodic system, and it is colorless, odorless, tasteless, non-toxic, and
highly flammable gas at the atmospheric conditions. Hydrogen exists in nature in two
stable isotopes, protium and deuterium, and one unstable isotope called radioactive tri-
tium. However, most of the existing hydrogen is protium and also hydrogen isotopes with
higher numbers of neutrons have been synthesized. At the standard conditions, atomic hy-
drogen is extremely rare and it usually exists in molecule form as H2. However, because it
can easily form covalent compounds with most non-metal elements, on Earth it is mostly
found in water or organic compounds, thus it needs to be converted from these materials.
Historically, most of the hydrogen has been produced with steam reforming of natural gas.
However, in the last years’ other means of production have become competitive; for exam-
ple water electrolysis, auto-thermal reforming of natural gas, low-temperature oxidation of
coal, and similar. In general, there are four different types of “hydrogen”; brown hydrogen,
which is produced from fossil fuels such as coal; grey hydrogen, which is produced from
natural gas; blue hydrogen, which is produced from natural gas with the implementation
of CCS (carbon capture storage); and green hydrogen, which is produced from renewable
electricity through water electrolysis (IRENA, 2019).

In the past, most of the hydrogen was used in refineries for hydrocracking of hydrocar-
bons, ammonia synthesis, or the Haber-Bosch process, where ammonia for fertilizers is
produced from nitrogen and hydrogen, and also the production of methanol with synthe-
sis gas (a mixture of H2 and CO). Recently, hydrogen has gained importance as a trans-
portation fuel mainly due to the option to be used in fuel cells, where hydrogen reacts
with atmospheric oxygen to form water, simultaneously releasing electric and heat en-
ergy. Different researchers and companies started developing also hydrogen gas turbines
and hydrogen internal combustion engines, which are modified petrol engines as alterna-
tive propulsion systems. Furthermore, hydrogen seems like one of the most promising
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solutions to store a high amount of renewable energy to balance the production and con-
sumption of electricity in the future grids connected to renewable energy sources. Wind
and solar energy production cannot balance grid consumption, so humans must develop
an efficient way to ensure the flexibility of future electricity grids. One of the most popu-
lar public solutions would be batteries, but their very low energy density makes them not
suitable for large amounts of energy, and this renders hydrogen a better alternative. There
are several alternatives to store hydrogen. The main alternatives are compressed, liquid
and cryo-compressed hydrogen, chemical storage, such as hydrides, ammonia and so on,
underground storage in depleted gas and oil fields, caverns, salt domes and similar; and
the last, but not the least, the power to gas, where it can be injected into gas pipelines as
hydrogen, SNG or biomethane (IRENA, 2019).

Liquid hydrogen has been used as rocket fuel for several years because from all known
rocket propellants it possesses the highest specific impulse, which is a measure of how
effectively an engine uses fuel. In the future, LH2 will most likely be used as a fuel
for heavy-duty vehicles (trucks, buses and similar), trains, ships (ferries, cruise ships,
cargo ships and similar). Furthermore, when compared to compressed hydrogen, storing
hydrogen as a cryogenic liquid is beneficial for several different reasons. First, it has
higher energy density, because the density of liquid hydrogen at atmospheric pressure and
temperature of 20 K (−253.15 ◦C) is around 70.8 kg/m3, while hydrogen as a gas has
density around 0.09 kg/m3 at STP (p = 1013.25 mbar, T = 0 ◦C) and density of 40 kg/m3

at pressure 700 bar and temperature 15 ◦C (NCE, 2016). This means that LH2 is cost-
efficient for transportation of large volumes over long distances (Yang and Ogden, 2007).
Another important advantage is hydrogen purity, required by ISO 14687-2 standard, which
states that hydrogen purity must be more than 99.97 % (Bacquart et al., 2018), and in the
case of LH2 all impurities are frozen during liquefaction ensuring enough purity. It is also
used in the high tech industry for the detection of fundamental particles and similar.

2.3.1 Liquefaction processes for liquid hydrogen

Sir James Dewar was the first who liquefied hydrogen. In 1898, he managed to liquefy hy-
drogen through the Joule-Thomson effect by precooling hydrogen compressed to 180 bar
with liquid air hydrogen and then expanding it. The next year, he also managed to so-
lidify hydrogen (Rowlinson, 2014). An important part of hydrogen liquefaction is that
molecular hydrogen H2 exists in two forms, depending on the spin direction of nuclei in
both hydrogen atoms. If both spins of atoms are parallel (same direction), this results in
higher rotational energy levels, and this form is called orthohydrogen. On the other hand,
if both spins of atoms are anti-parallel (opposite direction) this means lower rotational en-
ergy levels, and this form is called parahydrogen. Equilibrium hydrogen is an equilibrium
mixture of both spin isomers (Matthews et al., 2011). Normal hydrogen is represented by
equilibrium composition at ambient conditions, with 75 % of orthohydrogen and 25 % of
parahydrogen. At lower temperatures equilibrium composition consists mainly of parahy-
drogen, around 99.8 % at 20 K, because it is a more stable form of hydrogen molecular
form. The equilibrium composition is defined by Boltzmann distribution (Brun, 1997).
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During the hydrogen liquefaction process, it is necessary to convert orthohydrogen to
parahydrogen, because the equilibrium conversion reaction from ortho to para is highly
exothermic, and it is larger than the heat of vaporization for liquid hydrogen in the tank.
This results in large evaporation rates, in other words in high boil-off rates. However, the
spontaneous conversion from ortho to para is very slow and it can take even several days
(Ubaid et al., 2014).

Therefore, it is necessary to use catalysts to boost the conversion and these catalysts can
be an iron oxide (Fe2O3), chromium oxides and nickel silicate (NiO3Si) catalysts. The
best option to do the conversion is during liquefaction. In the past, catalysts beds were
placed between heat exchangers in a batch mode, but nowadays they are placed inside heat
exchanger canals (Zhuzhgov et al., 2018). This is more efficient because the released heat
is extracted continuously, while in the past it was extracted at the lower temperature, which
means higher liquefaction work (McIntosh, 2015).

The minimum work for liquefaction of hydrogen from ambient (p= 3.27 kW h kg−1 ) is
approximately 1.59 kW h kg−1 for cooling and 1.68 kW h kg−1 for liquefaction without
ortho-para conversion and 3.92 kW h kg−1 (2.24 kW h kg−1 for cooling) with the conver-
sion. Nowadays, there are several different processes how to liquefy hydrogen. Most of
them use hydrogen feed gas at pressure of 21 bar, and this became standard for most of
analyzed liquefaction cycles. However, there is a tendency to increase this pressure even
further up to 80 bar (Ohlig and Decker, 2019).

At the industrial level, two processes are the most common. The first one is the helium
reverse Brayton cycle presented in Figure 2.1, where helium is the refrigerant with LN2
precooling. In this case, capital expenditures are lower because it is possible to use stan-
dardized equipment, especially the screw compressors with injected oil. However, the
Brayton cycle has lower efficiency and high operational cost. The reported specific con-
sumption is in the range from 12.3 kWh/kgLH2 to 13.5 kWh/kgLH2 (Ohlig and Decker,
2019). In this case, Mycom oil-filled compressors have efficiency in the range 50 % to
55 %, while piston compressors for helium have efficiency in the range from 63 % to 67 %
(Kuzmenko et al., 2004).

On the other side, the Claude cycle using hydrogen as a refrigerant with LN2 precooling
has higher efficiency (Bracha et al., 1994). This process is presented in Figure 2.2. The
process has a lower operational cost, but capital expenditures are higher due to several
reasons. The main reasons are related to H2 refrigerant, where it is necessary to use non-
standardized equipment, such as piston compressors for example, and also due to more
strict safety measures, instrumentation and electrical equipment are more sophisticated
and expensive as well. In this case, the reported specific energies are from 7.7 kWh/kgLH2

to 12.7 kWh/kgLH2 (Ohlig and Decker, 2019). The isothermal efficiency of hydrogen
piston compressors at Linde Leuna plant is in the range 65 % to 70 %, and the isentropic
efficiency of a liquid expander is more than 85 %. The resulting exergy efficiency reported
in this article is 23.6 % (Berstad et al., 2010).
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Figure 2.1: Process flow diagram of reverse Brayton cycle with helium refrigerant for liquefaction
of hydrogen (Ohlig and Decker, 2019).

Figure 2.2: Process flow diagram of Claude cycle with hydrogen refrigerant for hydrogen liquefac-
tion (Ohlig and Decker, 2019).

However, there are still challenges related to LH2. The biggest challenge is how to re-
duce energy consumption. Therefore, several different processes have been developed
with lower specific energy, and only the most interesting will be mentioned. This process
presented in Figure 2.3 and developed for U.S. Department of Energy has four He refriger-
ation cycles, and in this case the specific energy consumption was between 7.4 kWh/kgLH2
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to 9.7 kWh/kgLH2 , or 30 % to 44 % exergy efficiency. In this case, the hydrogen compres-
sor efficiency for the pilot was assumed 60 % and for helium, compressors 65 %, while for
the large scale hydrogen compressor efficiency and helium compressors efficiency were as-
sumed 80 %. The liquid expander for hydrogen was assumed 90 % and helium expanders
were in 60 % to 75 % for the pilot and in range 83 % to 86 % for large scale liquefaction
plant, 50 t d−1 (Shimko et al., 2008).

Figure 2.3: Process flow diagram for hydrogen liquefaction with four helium cycles (Shimko et al.,
2008).

Another process uses four recuperative He Joule-Brayton cycles as presented in Figure 2.4,
and in this case specific energy is predicted around 5.5 kWh/kgLH2 and exergy efficiency
of 45 %. In this case, the liquefaction capacity was 10 kg d−1, polytropic efficiency of
helium compressors was assumed to be 92 % , polytropic efficiencies of helium turbines
was in 88 % to 93 %, while hydrogen turbine had 85 % efficiency (Valenti and Macchi,
2008).

Furthermore, in Figure 2.5 the process with mixture of different hydrocarbons, nitro-
gen and hydrogen as refrigerants and four helium refrigeration cycles resulted in SEC
of 5.35 kWh/kgLH2 and exergy efficiency of 54 %. In this case, the capacity was 50 t d−1,
while compressors and turbines isentropic efficiency were 80 % (Krasae-in et al., 2010).

Another interesting process employs two separate MR, the first one is a mixture of hydro-
carbons, neon, and nitrogen, whereas the second is ”Nelium” refrigerant was introduced
as a mixture of helium and neon. The process is presented in Figure 2.6. In this case
SEC, is between 6.15 kWh/kgLH2 to 6.48 kWh/kgLH2 for mass flow of hydrogen feed at
1 kg s−1. The isentropic efficiency of hydrogen feed and He/Ne compressors is assumed
85 %, while the efficiencies of He/Ne turbines is 90 % and the efficiencies of the liquid
expanders for both hydrogen and He/Ne mixtures is 85 % (Berstad et al., 2010).
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Figure 2.4: Process flow diagram for hydrogen liquefaction with four helium Joule-Brayton cycles
(Valenti and Macchi, 2008).

An additional process with very low reported SEC used two separate MR cycles presented
in Figure 2.7. The first MR cycle is composed of different hydrocarbons and the second
one is the mixture of neon, helium, and hydrogen. The SEC is reported 4.36 kWh/kgLH2

and exergy efficiency of 55.5 %. In this case, the adiabatic efficiency of the compressors
is 90 % and the expander adiabatic efficiency is 85 %. Furthermore, compared to other
studies, in this case, the pressure drops in all heat exchangers were neglected (Sadaghiani
and Mehrpooya, 2017). In a different study that combined the previous process with an or-
ganic Rankine cycle and an absorption refrigeration system, the SEC of 4.02 kWh/kgLH2

and exergy efficiency of 73.5 % was obtained. In this case, the adiabatic efficiencies of
the compressors and the pumps are 90 % and the expander adiabatic efficiency is 85 % and
there is no pressure drop (Ghorbani et al., 2019).

Recently, as part of the Hyper project, a new liquefaction cycle was developed. In this case,
mixed refrigerant ”PRICO” cycle is used to cool hydrogen to 114 K and then the hydrogen
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Figure 2.5: Process flow diagram for hydrogen liquefaction with mixture of hydrocarbons, nitrogen
and hydrogen (Krasae-in et al., 2010).

Claude process is used to cool down hydrogen to 30 K. In this liquefaction also boil-off
gas recompression is done in the ejector. The process flow diagram is presented in Figure
2.8. The specific energy consumption for this process was 7.05 kW h kg−1 and exergy
efficiency of 39.1 % for liquefaction capacity rate of 125 t d−1 without turbine expander
energy utilization. If boil-off gas reliquefaction rate is included in the calculation then
specific energy consumption is 6.67 kW h kg−1 (Berstad et al., 2019).

Some other liquefaction alternatives have also been developed. For example, an active
magnetic refrigerator has the potential to have very low specific energy consumption, be
environmentally friendly, and cost-effective. However, this SEC was obtained by simu-
lations or experimentally for a very low cooling capacity of 25.3 W, which are not suit-
able for industrial hydrogen liquefaction (Numazawa et al., 2014). This might change
in the future, but at the moment magnetic liquefaction is not a competitive technology.
Also, there were few successful hydrogen liquefaction using different cryocoolers, but it
has been done just for very small volumes as well, so it does not seem like a viable so-
lution at the moment. For example, in one of the studies the science group developed
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Figure 2.6: Process flow diagram for hydrogen liquefaction with two mixed refrigerants; mixture of
hydrocarbons and nelium (Berstad et al., 2010).

Gifford-McMahon cryocooler for liquefaction of hydrogen, but with liquefaction rate of
only 19.9 L d−1 (Nakano et al., 2010). Recently, Stirling type pulse tube cryocooler for
hydrogen liquefaction was developed. However, it has cooling capacity of only 1.74 W at
temperature 25 K (Huang et al., 2020). Furthermore, one of the studies combined LNG re-
gasification and hydrogen liquefaction, and in this case, LNG first precools hydrogen feed
to the temperature of 135 K, then nitrogen cycle is used to reduce temperature to 80 K
and hydrogen refrigeration loop is used to reach temperature of 22.7 K. The reported spe-
cific energy consumptions were 3.15 kWh/kgLH2 with significant amounts of LNG and
3.55 kWh/kgLH2 with lower amounts of LNG. However, in this case, LNG production
was not included in the results (Kuendig et al., 2008).
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Figure 2.7: Process flow diagram for hydrogen liquefaction with two mixed refrigerants: mixture
of hydrocarbons and mixture of neon, helium and hydrogen (Sadaghiani and Mehrpooya, 2017)

2.3.2 Liquid hydrogen boil-off gas handling

At the moment, there is not a lot of research dedicated to BOG in liquid hydrogen. Most of
the relevant studies have been conducted by NASA as it is necessary to have zero boil-off
storage to meet requirements for flights to outer space. One of the more interesting studies
was related to zero boil-off gas methods, where Brayton cryocooler has been developed
with a cooling capacity of 20 W at temperature 20 K. However, the main problem is that
estimated heat leaks for infrastructure related to liquid hydrogen on Earth are significantly
larger and it is necessary to develop much larger cryocoolers (Plachta et al., 2018).

On the other side, there were only a couple of other proposals. One of them included how
to treat BOG for LH2 carriers using LNG and H2 as a fuel for propulsion and ancillary
equipment. The process flow diagram of this process is presented in Figure 2.9 and in this
case, only part of H2 was reliquefied, while the other part was used as a fuel. The SEC was
3.3 kWh/kgLH2 and exergy efficiency of 74.9 %. In this case, the isentropic efficiencies of
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Figure 2.8: Process flow diagram for hydrogen liquefaction with mixed refrigeratn ”PRICO” cycle
and hydrogen Claude cycle (Berstad et al., 2019)

compressors and expanders were 85 % (Hyunyong et al., 2019).

A different alternative to treat boil-off gas called hydrogen reliquefier with Low-Pressure
Extraction (LOPEX) was developed by the Linde group. In this case, cold boil-off gas
with low pressure is heated up in the heat exchanger by cooling down part of the high-
pressure boil-off gas. Then low-pressure BOG is separated into two streams, process and
consumption. The process gas stream is first compressed and then cooled to ambient in
an air cooler. Then it enters the same heat exchanger, where it exchanges heat with the
cold gas from the tank reservoir. After that, there is an isenthalpic expansion in a Joule-
Thomson valve to the reservoir pressure level. After the expansion, part of the gas is
liquefied and is returned into the tank, while the gas-phase is returned into the process
together with low-pressure hydrogen gas from the reservoir. The consumption hydrogen
stream is used in fuel cells to give power to compressors. In other words: part of boil-
off gas is used to reliquefy the rest of it. This process is very simple, produces higher
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liquid fractions after the expansion due to a lower ratio between the refrigerant and cooling
medium flow, does not require an additional energy source, if designed appropriately, and
increases the overall efficiency (MWConsulting, 2007), (Linde, 2019b). One of the most
important factors to consider is the price of hydrogen in comparison to electricity and
natural gas. If the price of hydrogen is significantly higher than electricity and natural gas,
it is probably better to reliquefy BOG and sell it as a fuel.

Figure 2.9: Process flow diagram for hydrogen liquefaction with mixture of hydrocarbons, nitrogen
and hydrogen (Hyunyong et al., 2019)

2.3.3 Equipment for hydrogen liquefaction
Since one of the goals of this thesis is to design general concepts for reliquefying BOG
for LH2 and develop an approach on how to analyze and evaluate such concepts, it is
important to analyze the state of the art of main equipment needed for these reliquefaction
processes. These include compressors, heat exchangers, coolers, Joule-Thomson valves,
and turbine expanders. Other equipment such as pumps, phase separators, pipelines, and
more will not be analyzed within the scope of this thesis. Because of the LH2 specifics
described before in this chapter, also technologies involved need to be adequate.

Compressors

As seen from the review of hydrogen liquefaction processes, there is huge uncertainty
regarding the efficiencies of compressors and turbines. In general, the most often used
compressors in cryogenics are reciprocating or piston compressors, rotary screw compres-
sors, and turbo compressors. At the moment in the case of hydrogen liquefaction, par-
ticularly electric driven piston compressors and rotary screw compressors are used (Ohlig
and Decker, 2014), (McCoy and Douglass, 2014). Compressed fluid, compressor capac-
ity, and compressor pressure ratio are the main parameters for selection. In general, screw
and piston compressors are usually used for lower volume flows and higher total needed
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compressor pressure ratios, while turbo compressors need to be used with higher volume
flow rates (Grote and Feldhusen, 2014). The compressor energy consumption represents
more than 90 % of total energy consumption for hydrogen liquefaction processes. The
compressor efficiency has a significant impact on the exergy efficiency of the hydrogen
liquefaction process. The most important factors defining the compressor efficiency are
design, type of a compressor, and compressor capacity. Isentropic efficiencies for large
compressors are about 65 % to 92 %. The mechanical efficiency for a large compressor
can be higher than 95 % (Cardella, 2018).

Oil-injected screw compressors are most common for helium compression in already built
hydrogen liquefaction capacities below 3 t d−1(Ohlig and Decker, 2014). They possess
rather low isentropic efficiency between 65 % to 75 % (Alekseev, 2015) and require a sys-
tem to remove oil, but standardized compressors have quite low investment cost (CAPEX)
and can achieve pressure ratios higher than 10 (Häring, 2007).

Reciprocating compressors use a piston to deliver gases at elevated pressure. They repre-
sent the state of the art technology for compression of feed and refrigerant gas hydrogen
in cryogenics because they achieve high-pressure ratios even for very light gases such as
hydrogen or helium. The main limitation of pressure ratio is the outlet temperature of the
compressor, which should not exceed temperature around 420 K (Eifler et al., 2009). Large
piston compressors can achieve isentropic efficiencies between 75 % to 92 % (Cardella
et al., 2017b). For hydrogen compression, pressure ratio is usually between 2 to 3 (Grote
and Feldhusen, 2014). Burckhardt Compression offers the largest outlet power at 40 MW
(Cardella, 2018).

The main obstacle for the implementation of turbo compressors in hydrogen liquefaction
processes is a very low-pressure ratio of compressor stages for substances with low mo-
lar mass, which is relevant for both hydrogen and helium. For example, it takes around
24 stages to compress hydrogen gas from 1 bar to 80 bar. For this reason, the usage of
mixture refrigerants with neon is considered to increase the molar mass of the refrigerant
(Quack et al., 2015) (Skaugen et al., 2020). The efficiencies of these compressors are in
the range 70 % to 88 % (Cardella et al., 2017a). Relatively high efficiencies, the lower op-
erational cost in comparison to piston compressors, and small specific investment costs for
common capacities make turbo compressors with integral gears a very promising solution
for many cryogenics applications in the future (Grote and Feldhusen, 2014). However, at
the moment they are not considered as a feasible option for hydrogen or helium compres-
sion, particularly for smaller capacities.

Heat exchangers

Counterflow plate-fin heat exchangers (PFHX) are most commonly used in the indus-
try due to high surface area, achievable very low-temperature differences, low-pressure
drops, and high compatibility between the streams (Häring, 2007). These heat exchangers
are filled with catalysts due to necessary ortho-para hydrogen conversion (Skaugen et al.,
2020). They are made of aluminum which has a thermal conductivity of 205 W m−1 K and
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the pressure range is between 20 bar to 130 bar. Exergy efficiency and design are strongly
dependent on the size and the performance of heat exchangers in the liquefaction pro-
cesses. Larger surface area and volume increase the efficiency of hydrogen liquefaction,
but this also requires higher investments costs CAPEX. Therefore, manufacturing tech-
nology and transportation, available space, costs are important factors to consider when
designing the heat exchangers (Cardella, 2018). In general, there are strong initiatives to
try to reduce irreversibilities in the heat exchangers, because they result in higher exergy
efficiency of the liquefaction process. Several studies have been conducted to reduce the
exergy destruction in the heat exchangers (Wilhelmsen et al., 2018), (Skaugen et al., 2020).

An interesting alternative to PFXH is spiral-wound heat exchangers (SWHX), which are
most often used in LNG liquefaction plants. However, plate-fin heat exchangers have
preferred solutions because of the higher surface density, but there are some cases in which
spiral-wound heat exchangers might be a better alternative (Skaugen et al., 2020).

Turbine expanders

Turbine expanders can be used to improve the process efficiency to use them instead of
Joule-Thomson valves. In this case, the expansion in the turbine expander is polytropic
and it is possible to remove more heat in comparison to the isenthalpic process in the
Joule-Thomson valve (Niu et al., 2015). Turbine expanders are classified into two groups
depending on the outlet phase of the product. The first alternative is dry expanders with
the gas phase and the second one is a wet expander. The isentropic efficiencies of the
expander are usually in the range of 70 % to 90 % (Bloch and Soares, 2001).

2.3.4 Irreversibilities and exergy efficiencies of process equipment
In this section, the equations for irreversibilities and exergy efficiencies of some process
equipment will be presented. These are compressors, turbine expanders, heat exchangers,
separators, and coolers. In all equations below, exergy flows of the stream are defined as
followed (Thomas et al., 2011):

Ėxflow = (ṁex) = ṁ((h− hamb)− Tamb(s− samb)) (2.7)

In the equation above, hamb and samb represent specific enthalpy of the given material
stream in ambient conditions. As seen from 2.10, the specific exergy ex increases when
the temperature gets lower in the case of temperatures below ambient.

Compressors

Equations 2.8 and 2.9 are used to determine the exergy efficiency and exergy destruc-
tion of compressors (Hammad and Dincer, 2018), (Yuksel et al., 2017), (Sadaghiani and
Mehrpooya, 2017).

ψ =

∑
(ṁex)out −

∑
(ṁex)in

Wcomp
(2.8)
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Ėxdest =
∑

(ṁex)in +Wcomp −
∑

(ṁex)out (2.9)

Turbine expanders

Equations 2.10 and 2.11 are used to determine the exergy efficiency and exergy destruction
of turbine expanders (Yuksel et al., 2017), (Sadaghiani and Mehrpooya, 2017):

ψ =
Wturb∑

(ṁex)in −
∑

(ṁex)out
(2.10)

Ėxdest =
∑

(ṁex)in −Wexp −
∑

(ṁex)out (2.11)

Heat exchangers

Equations 2.12 and 2.13 are used to determine the exergy efficiency and exergy destruction
of heat exchangers: (Yuksel et al., 2017), (Sadaghiani and Mehrpooya, 2017). In these
equations, h represents the hot side, while c represents the cold side. In this case, fluids on
the hot side increase their exergy and fluids on the cold side decrease their exergy as seen
in Figure 2.10.

ψ =

∑
(ṁex)out,h −

∑
(ṁex)in,h∑

(ṁex)in,c −
∑

(ṁex)out,c
(2.12)

Ėxdest =
∑

(ṁex)in −
∑

(ṁex)out (2.13)

Coolers and Joule-Thomson valves

For intercoolers, Joule-Thomson valves and aftercoolers the exergy efficiency and exergy
destruction are defined in Equation 2.14 and Equation 2.15 (Yuksel et al., 2017), (Sadaghi-
ani and Mehrpooya, 2017):

ψ =

∑
(ṁex)out∑
(ṁex)in

(2.14)

Ėxdest =
∑

(ṁex)in −
∑

(ṁex)out (2.15)

2.3.5 Equation of states for simulation of hydrogen liquefaction pro-
cesses

In general, the modified Benedict-Webb-Rubin equations of state are used for many sim-
ulations of processes with certain gases and helium and all hydrogen alternatives (normal
hydrogen, parahydrogen, and orthohydrogen) are all part of this group. In this case, 32
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Figure 2.10: Specific exergy of normal and para hydrogen for different temperatures according to
MBWR equations of state in Aspen HSYSY with ambient conditions at 15 ◦C and 1.013 bar

numerical parameters are modified to fit the empirical data (Kaviani et al., 2015), (Roder,
1975). The accuracy strongly depends on the availability of experimental data, and due
to a large number of numerical parameters, these equations are rather complicated and
time-consuming. In Aspen HYSYS help, they suggest using helium and hydrogen inside
certain temperature and pressure ranges. In the last years, there have been few studies
trying to improve these equations of state. The Helmholtz type of equations of state for
ortho, para, and normal hydrogen were developed. They represent existing experimental
data slightly better than MBWR, but they are even more time consuming (Leachman et al.,
2009), (Leachman et al., 2017).

On the other side, in the last few years, there has been a strong focus on developing
equations of states for different mixtures of hydrogen, helium, and neon. Soave-Redlich-
Kwong and Peng–Robinson-Stryjek-Vera (PRSV) equations of state are most commonly
used in the natural gas industry (Ashour et al., 2011), (Stryjek and Vera, 1986). Recently
there was a study for equations of state regarding mixtures of natural gas, which also con-
tain hydrogen and other gases, and it was concluded that PRSV and SRK-Twu equations
of state fit the best experimental data in low-pressure regions (Zhang et al., 2020). In one
of the more important studies, different equations of states were compared, and it was
determined that Peng-Robinson equations give reasonable results and other equations of
state were not much better for mixtures of helium and neon (Wilhelmsen et al., 2018).
However, new sophisticated equations of state for mixtures of helium, neon, and hydrogen
were developed, but they are too complex and time-consuming to use them for process
simulation and optimization with normal personal computers (Aasen et al., 2020).
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Chapter 3
Concepts for liquid hydrogen
boil-off gas reliquefaction

In this chapter, the main concepts for reliquefaction of BOG are described. Based on
the literature survey and research ideas, the focus of this research is on a limited number
of concepts. The most promising concepts were chosen to be simulated in the Aspen
HYSYS software. As explained in the previous chapters, heat inleak due to imperfect
insulation causes evaporation of liquid. Evaporated gas needs to be handled to prevent
a significant rise in pressure in reservoirs. It is expected that size of tank reservoirs for
LH2 will increase in the future, and then it will be especially important to handle the boil-
off gas of storage tanks at receiving terminals, during voyages of LH2 carriers, trucks,
cruise ships, hydrogen filling stations and similar. The boil-off rate (BOR) is given as a
percentage of the total stored volume of liquid per given time unit. Nowadays, BOR for
LH2 is between 0.1 % d−1 to 0.3 % d−1 (Ohlig and Decker, 2019), heavily depending on
ambient conditions, insulation, size, shape, and design of storage tanks and some other
factors.

There are several different reliquefaction processes, and what is the best option in each case
depends on several different factors. These are quantity of BOG, prices of LH2, available
fuels, electricity, and industrial gases, requirements for export H2 gas, requirements for
electricity and heat energy, the complexity of these processes, operation of plants, vehicles
and similar, capital and operation expenditures of these processes, and many more. In the
scope of this thesis, the main target is to only develop and analyze BOG reliquefaction
concepts, while comparing these reliquefaction processes with other alternatives. From
several options, based on our previous work within the preliminary research, only the
most promising solutions were included for analysis within this thesis.

All three selected boil-off gas reliquefaction processes use the same precooling process
for hydrogen BOG precooling. In the scope of this thesis, precooling on the refrigerant
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side will be neglected, because there are several options available and the best option
depends on the availability of industrial gases, investment and operational costs, and many
other factors as explained already before. To reduce the minimum theoretical liquefaction
work of the studied processes, it is beneficial to compress BOG and precool it by using
cold BOG from the tank in the first heat exchanger HX-1. Cold BOG from the reservoir
is transferred to the heat exchanger where it is heated by the counterflow of the warm
gas. Then it is compressed with intercooling in several stages. After the last compressor
stage, it is cooled to the ambient temperature, in this case, water or air coolers can be
used depending on the location, availability of water sources and other factors, and then
fed back to the heat exchanger HX-1 where it is precooled with BOG from the tank. To
reliquefy the full amount of hydrogen boil-off gas, it is necessary to have an additional
refrigeration process. After that, there is an expansion in either a Joule-Thomson valve or
a turbine expander.

In general, the Joule-Thomson valve is less efficient, but also less complex and cheaper,
while the expander is more efficient but also more complex and more expensive. Further-
more, according to the Cryostar company, the market for pure hydrogen turbine expanders
is very limited for larger expanders more than 100 kW and even more for the turbine liquid
expanders, and in this sense the expander option seems more appropriate in the future if
new technologies will become available on market. However, it is important to emphasize
that at the moment several companies and research teams are trying to develop and hydro-
gen equipment and novel technologies have been emerging constantly. In this work, it will
be discussed what is a better option to use for different boil-off gas processes, particularly
in terms of energy consumption. Therefore, all processes will be simulated using both al-
ternatives, the Joule-Thomson valve, and the liquid turbine expander, and then compared.
Simplified process schemes are presented in Figures 3.1 and 3.2.

Figure 3.1: Simplified process diagram for reliquefaction of hydrogen boil-off gas with the Joule-
Thomson Valve

In the following three subchapters, the designs of each process are presented and described.
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Figure 3.2: Simplified process diagram for reliquefaction of hydrogen boil-off gas with the liquid
turbine expander

3.1 Helium reverse Brayton cycle
From the processes analyzed in the literature review part, the simplest is the helium reverse
Brayton cycle. It is a very basic process with just one refrigeration cycle, but it can be
upgraded by using several expanders, usually two or three, which increase its efficiency.
In this case, it was decided to use two expanders.

Figure 3.3: Simplified process diagram with the Joule-Thomson valve for helium reverse Brayton
cycle with two helium turbine expanders

The reverse helium Brayton cycle is chosen because of its simplicity as a base case in our
analysis, and its efficiency and other key performance indicators will be compared to the
other two options. The scheme of the process with the Joule-Thomson valve is presented
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Chapter 3. Concepts for liquid hydrogen boil-off gas reliquefaction

Figure 3.4: Simplified process diagram with the liquid turbine expander for helium reverse Brayton
cycle with two helium turbine expanders

in Figure 3.3 and with the liquid turbine expander EXP-3 in Figure 3.4. To decrease the
necessary work for liquefaction, the boil-off gas from a tank is initially compressed in a
three-stage hydrogen compression train. In this case, hydrogen piston compressors are
used. This is done first by heating the cool boil-off gas in a countercurrent heat exchanger
HX-1, where heat is exchanged with the warmer compressed gas coming from the hy-
drogen compressor train. The simplified process flow diagram is presented in Figure 3.5.

Hydrogen compression can be done in several stages, depending on the desired outlet
pressure. This means that between two separate compressor stages, there is an intercooler,
where the compressed hydrogen gas is cooled with ambient air or cooling water from
the environment. After the last compressor stage, compressed gas is cooled to the am-
bient temperature in an aftercooler. Setting the optimal outlet pressure is part of process
optimization, but the pressure ratio should not be higher than 3 according to the literature
review of existing hydrogen piston compressors. Afterward, the boil-off gas is compressed
and send back to the same heat exchanger HX-1.

Figure 3.5: Hydrogen boil-off gas compression train with three hydrogen piston compressors and
with two intermittent intercoolers and the aftercooler

When hydrogen is compressed to its goal outlet pressure, reverse helium Brayton cycle
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with two helium turbine expanders is implemented to cool and liquefy hydrogen. To in-
crease efficiency, two expanders are used instead of just one. At the beginning of the cycle,
helium is compressed in the compressor train with two stages The simple process flow di-
agram is presented in Figure 3.6. The helium refrigerant is compressed in the oil-screw
compressors which can obtain pressure ratios up to 10, much higher than piston or turbo
compressors, and then cooled by ambient air or cooling water first in the intercooler and
then in the aftercooler. The refrigerant then enters the first heat exchanger and it is cooled
in the heat exchanger HX-2 together with the hydrogen stream seen in Figures 3.1 and 3.2.
After the cooling, the refrigerant stream is then expended in the first expander EXP-1 and
it enters the heat exchanger number HX-3, where it is further cooled down at the same
time as hydrogen stream. Then helium enters the second expander before it reenters the
heat exchanger HX-4 on the cold side, and the heat is transferred from hydrogen to helium.
The hydrogen gas is then expanded. Expansion can be done either in the Joule-Thomson
valve or in the expander EXP-3. Afterward, the two-phase flow enters the separator, then it
follows two-phase hydrogen separation, where the gas phase is returned into the hydrogen
reliquefaction process and liquid hydrogen is returned into the liquid hydrogen tank.

Figure 3.6: Helium compression train with two helium oil-screw compressors with the intermittent
intercooler and the aftercooler

3.2 Hydrogen refrigeration cycle

As stated before, all studied processes have the same beginning with compression of hy-
drogen BOG as shown in Figures 3.1 and 3.2. Identical to the helium reverse Brayton
process, the processes with the expander and with the Joule Thomson valve are presented
and later simulated. Both alternative processes are presented in Figures 3.7 and 3.8.

First, the hydrogen boil-off gas is compressed in the same way as it is in the case of
the helium reverse Brayton cycle. This is presented in Figure 3.5. Then the hydrogen
refrigeration cycle is used to cool and reliquefy the hydrogen BOG. In this case, two
hydrogen refrigerant streams exit the heat exchanger HX-2 on the cold side. However,
these streams have different pressures. Therefore, it is necessary first to compress the
hydrogen stream with lower pressure. This first compression is followed by cooling in
the intercooler. These two compressors are both hydrogen piston compressors. After
that, both streams are mixed and compressed in the second stage, which is followed by
aftercooler, where the stream exiting the compressor is cooled to the ambient temperature.
This process is presented in Figure 3.9. Afterward, the stream hydrogen refrigerant 3 in
the same figure enters the heat exchanger HX-2 on the hot side.
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Figure 3.7: Simplified process flow diagram with the Joule-Thomson valve for hydrogen Claude
refrigeration cycle with two hydrogen refrigerant turbine expanders

Figure 3.8: Simplified process flow diagram with the liquid turbine expander for hydrogen Claude
refrigeration cycle with two hydrogen refrigerant turbine expanders

This stream is now cooled in the heat exchanger HX-2, and it is then separated into two
streams. The first stream then enters the hydrogen expander EXP-1 where it is cooled and
then comes into the heat exchanger HX-3 on the cold side. The second stream enters the
same heat exchanger on the hot side, and here also the compressed hydrogen BOG enters
the heat exchanger HX-3 on the hot side. Both streams are then cooled, then hydrogen
refrigerant stream is expanded in the hydrogen expander EXP-2 and consequently addi-
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Figure 3.9: Hydrogen refrigerant compression train with two hydrogen piston compressors and with
intermittent intercooler and the aftercooler

tionally cooled before it enters the heat exchanger HX-4 on the cold side - at the same
time the hydrogen BOG is now cooled in the heat exchanger HX-4 before the expansion
in either the Joule-Thomson valve or the last expander. After the expansion, the two-phase
hydrogen goes into the separator where liquid hydrogen is returned to the reservoir, while
hydrogen gas is recycled into the reliquefaction process.

3.3 Mixed refrigerant cycle
In the case of the mixed refrigerant, the whole process is very similar to the base case, but
there are specific differences. The refrigerant is the mixture of neon and helium and not
the pure component. The main reason for the introduction of neon is to enable the use
of turbo compressors with “nelium”. However, due to significantly lower pressure ratios
obtained, it was necessary to implement a compression train with five compressor stages.
Otherwise, the rest of the process is identical to the base case. The process flow diagram
for the process with the Joule-Thomson valve is presented in Figure 3.10, and with the
expander in Figure 3.11.

Figure 3.10: Simplified process flow diagram with the Joule-Thomson valve for mixed refrigerant
reverse Brayton cycle
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Figure 3.11: Simplified process flow diagram with the liquid expander for mixed refrigerant reverse
Brayton cycle
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Chapter 4
Process simulation

In this chapter, the simulation procedures of the concepts presented in Chapter 3 are de-
scribed. For the simulations, Aspen HYSYS simulation software was used. At the first
stage of research, static conditions in our simulation setting were considered. This means
inputs in small incremental steps are not changed to find its optimal value, but the outcome
is analyzed based on the selected static inputs. The goal of this simulation is to compare
some of the key performance indicators, advantages, and disadvantages of the following
three different concepts:

• Helium reverse Brayton refrigeration cycle with two helium turbine expanders;

• Hydrogen Claude refrigeration cycle with two hydrogen turbine expanders;

• Mixed refrigerant reverse Brayton cycle with two expanders;

The simulation setup has been done consistently for all three cases in the following steps.
First, The component lists are based on the specified materials used in the system and
then for every material appropriate equation of state was defined. A simulation process
flowsheet in the software was set up according to the concept design given in Chapter 3.
Properties of process components and material streams, such as temperatures, pressures,
mass flows, compositions, process component efficiencies, temperature differences, and
others are defined based on assumptions. Then the HYSYS software uses all inputs in
computation and provides output results. To obtain the best possible result, the simple
optimization procedure was followed.

In the scope of this master’s thesis, potential precooling cycles to increase the efficiencies
are not included in the simulations as its feasibility depends strongly on the investment and
operational cost, availability of industrial gases, utilities and other factors – these should
be instead a part of the detailed design for every case separately, and potential precooling
processes for hydrogen reliquefaction should be developed and analyzed in the future.

Initially, the idea was to use three different tank volumes for simulation (50 m3, 2500 m3
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and 40 000 m3). However, due to the steady-state conditions in simulations and the as-
sumptions of constant boil-off rates, this was not part of this thesis. Different applications
require additional research to determine real BOR, depending on different reservoir tanks
specifications; pressure, temperature, insulations, size, shape, and other factors, and at the
moment, there is a lack of research focused on this field. Furthermore, different BOR
determine mass flows and distinct mass flows use different equipment with different spec-
ifications, but like precooling processes, this should also be a part of the detailed design
instead. The initial conditions applied in all cases were chosen to be as following:

• Boil-off rate was 0.2 % d−1 of the stored liquid volume. This was determined based
on the experience that BOR is usually in range 0.1 % d−1 to 0.3 % d−1 (Ohlig and
Decker, 2019).

• For large reservoir tanks where it is feasible to use BOG reliquefaction systems,
storing pressure is usually close to atmospheric pressure. These options are espe-
cially larger receiving terminals and large LH2 carriers shortly. Therefore, it was
decided that the reservoir pressure should be 1.16 bar. During detail design, this
should also be part of the optimization later on.

• The temperature of the boil-off gas before the first heat exchanger HX-1 in the pro-
cess is−235 ◦C because at such low temperature there is always a certain heat inleak
into pipes due to imperfect insulation. To be able to consistently compare relevant
results to the base case, assumptions of identical starting temperatures for all cases
were made. This assumption is debatable since it strongly depends on ambient con-
ditions, pipeline insulation, and other factors. However, determining the right tem-
perature should also be part of a detailed design later.

It was assumed that hydrogen boil-off gas consists of pure parahydrogen, while in a real
case there would be a mixture with a small amount of orthohydrogen. As it was discussed
in Chapter 2, the equilibrium composition at the boiling point of hydrogen at the atmo-
spheric pressure is 99.8 % parahydrogen, so it seems reasonable to neglect the presence
of orthohydrogen traces. Pure components including parahydrogen were simulated using
modified Benedict-Webb-Rubin equation of states where empirical data are used to de-
termine numerical parameters, which are relevant just for certain pure components and
conditions.

Constant isentropic efficiencies for the same type and same refrigerant of turbine ex-
panders and constant adiabatic efficiencies for compressors were assumed, and heat ex-
changers had the pinch temperature limited with minimum 0.5 K. All other relevant as-
sumptions are also defined in the Appendix in Tables A.1, B.1 and C.1. Pressure drops in
heat exchangers were calculated based on the assumptions given in the Appendix. Pres-
sure drop in the heat exchangers is part of the heat exchanger design, but in this static
case, values were set as explained in the following. For hydrogen boil-off gas and hydro-
gen refrigerant 1.6 % pressure drop was assumed in heat exchangers with several streams,
and 1 % pressure drop was assumed in air or water coolers. For helium, it was assumed
constant pressure drop of 0.1 bar in all heat exchangers including intercoolers and after-
coolers, and for a mixture of helium and neon it was assumed that pressure drop in every
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heat exchanger, intercooler and aftercooler is based on this value; 0.1+0.001 xNe bar,
where xNe represents the mole concentration of neon. Oil-screw helium compressors and
hydrogen piston compressors have adiabatic efficiency 70 %, while turbo compressors for
mixed refrigerant have adiabatic efficiency of 75 %. On the other side, it was assumed that
the expander isentropic efficiency for every case was 80 %.

4.1 Helium reverse Brayton cycle
This cycle represents the base case for these simulations, and it is the foundation for the
other two alternatives. This simulation was done in a steady state. For hydrogen boil-
off gas stream, 100 % parahydrogen and modified Benedict – Webb – Rubin (MBWR)
equations of state were assumed after some consideration, as they are highly accurate
and still reasonably simple and according to the literature review often used for both spin
isomers of hydrogen and helium.

The simulation process flow diagram is shown in the Appendix in Figure A.1 with the
Joule-Thomson valve and Figure A.2; the assumptions made are stated in Table A.1. The
BOG from the hydrogen tank is released from the top and its amount is calculated based
on Equation 4.1. It was assumed that hydrogen tank volume is 40 000 m3 and the BOR
is 0.2 % d−1. From these two parameters and the density of hydrogen liquid at stored
pressure 1.16 bar and corresponding temperature, the mass flow of hydrogen BOG was
calculated:

ṁBOG = Vtank ×BOR× ρLH2
(4.1)

In the Aspen HYSYS simulation software, the amount of boil-off gas is calculated, and the
tee mixer is implemented to use the calculated value of the boil-off gas in the simulation.
This stream of BOG is warmed up to the temperature of −235 ◦C in the heat exchanger.
As explained above, this is done to simulate the heat inleak from the ambient through
pipelines. However, for this heat exchanger, zero pressure drop was assumed, as it was
estimated that the real pressure drop would not be significant, and it also depends strongly
on ambient temperature, length, and isolation of pipes and similar, and this should be
part of additional research. Next, the hydrogen stream from the heat exchanger enters the
countercurrent heat exchanger HX-1, where it is additionally warmed up. The estimated
pressure drop in the heat exchanger is calculated in the separate spreadsheet according to
the assumptions and accounted for in simulation calculations.

Warmed up hydrogen gas enters the three-stage hydrogen compressor train with two inter-
coolers and an aftercooler, where it is cooled to the temperature of 298.15 K. The inter-
coolers are used to remove the heat from the compressor stage to minimize compression
work, thus trying to follow an isothermal compression curve instead of an adiabatic curve.
This means that less energy is needed for compressing the gas. The aftercooler at the end
is used to reduce temperature, and it provides consequently necessary cooling energy of
the hydrogen stream. The pressure drops in intercoolers and aftercoolers were calculated
for each point separately. Hydrogen piston compressors are the most common option in
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the industry and possess reliable operation. However, the isentropic efficiency of these
piston compressors is not very high for smaller units, and in this thesis, it is assumed to
be 70 %. It is assumed that the pressure ratios of different compressor stages are the same.
The main reason for this assumption is to minimize the compression work in such a way
that the total work is almost equally divided between different stages. Optimum pressure
ratio defines high pressure (HP) of hydrogen and it is part of optimization, as it represents
one of the parameters that can be changed. After the compression, compressed hydrogen
is cooled down in the same countercurrent heat exchanger HX-1 and transfers heat to the
gas from the reservoir, which needs to be warmed up. Then this cooled and pressurized
hydrogen gas enters the reverse helium Brayton cycle with two expanders.

Helium refrigerant is first compressed in two stages with an intercooler in between and
an aftercooler at the end. This is done again to reduce the compression work. However,
it could be possible to use just one stage compressors due to significantly higher pressure
ratios of oil-screw compressors. For helium compression, oil-injected screw compressors
can be used, and they have isentropic efficiencies in the range of 65 % to 75 %, and in
this case, it was assumed to be 70 %. Furthermore, it could be possible to use just one
stage compressors due to significantly higher pressure ratios of oil-screw compressors, but
the main focus was to see a difference, between the helium and hydrogen process. It is
assumed that both compressors have the same pressure ratio due to similar required power
input, which simplifies the operation and maintenance work. Furthermore, this pressure
ratio of helium compressors is one of the parameters considered in process optimization.
After the compression, helium gas is cooled down to the ambient temperature (288.15 K)
in the aftercooler, and then it enters into the same heat exchanger HX-2 as hydrogen gas
where both streams are cooled. The pressure drop in this heat exchanger was calculated
in the separated spreadsheet and calculations were implemented into the simulation. It is
assumed that the outlet temperatures of the heat exchangers with several outlet streams on
one side are the same. The reasoning is that the heat exchanger cooling length of the heat
exchanger is long enough to reach temperature equilibrium. However, exact conditions
are part of the detailed design for heat exchangers. After that helium stream goes through
expansion in the expander EXP-2, where pressure is reduced and consequently temper-
ature drops. The isentropic efficiency of cryogenic expanders is between 70 % to 90 %.
In this case, it is assumed to be 80 %. This discharged pressure is also a parameter that
was manipulated during the optimization stage. After that cooled helium stream enters the
heat exchanger HX-3, into which also the hydrogen boil-off gas stream enters. As with
the previous heat exchanger, it is assumed that the temperatures of the outlet streams are
the same, and pressure drop is calculated in the same way as for other heat exchangers. At
the exit of the heat exchanger HX-3, helium is expanded in the second expander EXP-2,
where the low-pressure level of helium refrigerant is determined, and it represents one of
the steps of the optimization process. Cooled helium enters the heat exchanger HX-4 on
the cold side, while from the hot side the hydrogen BOG from the previous heat exchanger
HX-3 enters. In the heat exchanger HX-4, hydrogen BOG is cooled down, while helium
is warmed up before it enters the heat exchangers HX-3 and HX-4, where it warms up
by cooling down both warm hydrogen and helium streams. Then helium is prepared to
reenter the compression train.
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Hydrogen from the last heat exchanger is expanded in the Joule-Thomson valve or the
expander EXP-3, as stated in the simulation process flow diagrams, to the level of the
reservoir pressure. An important part of this thesis is to determine whether it is beneficial
to use a more efficient, more complex, and more expensive expander or the valve. After the
expansion, two-phase hydrogen goes into the separator, where gas and liquid hydrogen are
separated. Liquid hydrogen is returned into the reservoir, while gas is recycled and mixed
with hydrogen BOG from the reservoir, where it again enters the reliquefaction process.
Due to numerical problems in recycling gas phase where recycle option in the software
caused this stream to change the phase from gas to a liquid, we used a pipeline segment
where hydrogen gas from the separator is warmed up for 2 ◦C to ensure that there is no
phase change problem in recycling function. Recycle function is an important part of all
simulations as it takes time to reach a steady-state. After the recycle, the hydrogen gas
stream can enter the mixer and it reenters the refrigeration cycle.

4.2 Hydrogen refrigeration cycle
For hydrogen boil-off gas stream, MBWR equations of state were used and 100 % parahy-
drogen was assumed similar to the base case. For hydrogen refrigerant, it was assumed that
it is normal hydrogen which consists of 75 % of orthohydrogen and 25 % of parahydro-
gen. MBWR equation of state was used also for the hydrogen refrigerant. The simulation
process flow diagrams are shown in Figure B.1 for the Joule-Thomson valve and Figure
B.2 for the liquid expander in the Appendix. The main assumptions are summarized in the
Appendix in Table B.1. All the process steps before the compressed hydrogen BOG en-
ters the heat exchanger HX-3 were simulated in an identical way as for the helium reverse
Brayton cycle. Therefore, its description is omitted here.

The two hydrogen refrigerant streams exit the heat exchanger HX-2 on the cold side. How-
ever, these streams have different pressures. In the simulation, it is assumed that the pres-
sure of the stream is approximately in the middle range between the lowest and the highest
pressure in the hydrogen refrigeration cycle, while the lowest and the highest pressure are
both optimization variables. Due to different pressures, it is necessary to first compress
the hydrogen stream with lower pressure. Piston compressors are used for hydrogen com-
pression as they are the most common in the industry and very reliable. Nonetheless, they
have rather low efficiency, in this case, it is assumed to be 70 %. Pressure ratios for both
compressor stages are the same, and this is also the reason that the higher pressure of
those two hydrogen streams is in the middle due to two-stage compression of hydrogen
refrigerant. This first compressor K-104 is followed by cooling in the intercooler to the
approximately ambient temperature of 288.15 K. After that, both streams are mixed, and
in the Aspen HYSYS software, this means that the outlet pressure out of the mixer is set
at the lower pressure of inlet streams. The stream exiting the mixer is then compressed in
the second stage compressor K-105, which is followed by cooling in the aftercooler to the
temperature close to the ambient. This is seen in both process flow simulation diagrams
in Figure B.1 and Figure B.2. Afterward, the hydrogen refrigerant stream enters the heat
exchanger HX-2 on the hot side, where it is cooled. Pressure drops in all heat exchangers
are calculated based on the assumptions and then results are used in the simulation.
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Hydrogen at the outlet of the heat exchanger HX-2 is then split into two streams. The ratio
of splitting is part of the optimization procedure. The first stream then enters the hydrogen
expander EXP-1, where it is expanded to the medium pressure level. Due to expansion,
it is also cooled and then comes into the heat exchanger HX-3 on the cold side. The
second stream enters the same heat exchanger on the hot side, and here also the compressed
hydrogen BOG from the heat exchanger HX-1 enters the heat exchanger HX-3 on the hot
side. Both streams are then cooled, and hydrogen refrigerant stream is expanded in the
hydrogen expander EXP-2 and consequently additionally cooled. The outlet pressure of
the expander EXP-2 is one of the most important optimization variables. It enters the
heat exchanger HX-4 on the cold side, while at the same time the hydrogen BOG is now
cooled in the heat exchanger HX-4 before the expansion in either the Joule-Thomson valve
or the liquid expander EXP-3. After the expansion, the two-phase hydrogen goes into
the separator, where liquid hydrogen is returned to the reservoir, while hydrogen gas is
recycled into the reliquefaction process. The hydrogen refrigerant from at the outlet of the
heat exchanger HX-4 then enters the heat exchanger HX-3, where it is joined by the stream
from the expander EXP-1. Both streams are warmed up in the heat exchanger HX-3 and
HX-2, and then they can be compressed.

4.3 Mixed refrigerant cycle
The mixed refrigerant simulation will not be explained in detail since it is set up in a similar
way to the base case. The simulation process flow diagram is shown in the Appendix in
Figure C.1 with the Joule-Thomson valve and Figure C.2; the assumptions made are stated
in Table C.1. However, there are a few differences. Due to a mixture of helium and neon,
PRSV equations of state were used. It would be possible to use more sophisticated models
(Aasen et al., 2020), but it would be time-consuming, thus it has been decided to use
PRSV equations of state and verify them with thermodynamic library ThermoPack from
SINTEF. However, as explained in the introduction due to coronavirus crisis, it was not
possible to do this. Therefore, the results of the mixed refrigerant should be verified. The
second difference was that due to higher amounts of neon, it was possible to use turbo
compressors, and in this case, the adiabatic efficiency was assumed to be 75 %. Due to
the usage of turbo compressors, it is important to determine what is a sufficient amount
of neon. Neon is also more expensive than helium, so there is a certain limit at which it
is too expensive to introduce a higher concentration of neon. Therefore, it was assumed
that neon molar concentration is constant at 20 %. Furthermore, it was assumed that the
pressure ratio of turbo compressors is constant at 1.3. Therefore, it was assumed that we
will use five compressor stages. In this case, the result was based solely on the trial and
error approach.

4.4 Optimization approach
The optimization objective was to minimize the specific energy of the process, thus also
increasing the exergy efficiency of the process. According to the literature, when dealing
with the liquefaction of hydrogen, the energy needed for compression of hydrogen is not
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included in the reported results. However, in the scope of this thesis where it is needed to
deal with the reliquefaction of hydrogen boil-off gas, precompression plays an important
part in the specific energy consumption. Therefore, total specific energy consumption
consists of two parts: hydrogen boil-off gas compression and refrigerant compression. The
objective function was total specific energy consumption which is defined as it follows:

etotal =
Wnet

ṁLH2

(4.2)

In Equation 4.2, Wnet is defined as the sum of work produced from the hydrogen and re-
frigerants expander subtracted from the sum of work needed for compression of hydrogen
and refrigerants:

Wnet =
∑

Wcomp − x
∑

Wexp (4.3)

In the upper equation, x represents the share of power which can be utilized from the
expanders. It is assumed that the maximum value of x can be 80 %. However, it is not
very common to have turbo compounder which could utilize the power, thus first reported
results are without recovery of turbine power where it is not possible to utilize the power,
meaning that x equals zero in Equation 4.3. Furthermore, exergy efficiency is defined as
the ratio between the minimum specific energy and a total specific energy for the given
process.

ψtotal =
emin

etotal
(4.4)

As explained in Chapter 2, minimum liquefaction work is derived from the second law of
thermodynamics. In this case, 2.6 is transformed into the next equation:

emin = hLH2
− hBOG − Tamb(sLH2

− sBOG) (4.5)

In the equation above, BOG represents properties of boil-off gas at the point after the
heat exchanger, which simulates heat inleak into the pipes and other equipment for BOG
transfer from the tank, and LH2 represents properties of liquid hydrogen after the two-
phase separation.

As stated above, the main goal was to minimize the specific energy of the process. To do
so, it was necessary to obtain low logarithmic mean temperature difference LMTD and
to minimize the pinch point temperature, which is the minimum temperature difference
between the cooling and heating curve, to temperature between 0.5 K to 3 K for this cryo-
genic process. This ensures a good fit between hot and cold composite curves. Another
important part of optimization is that the pinch point is at the cold end of heat exchangers
due to higher exergy loss at a lower temperature. This means that the temperature dif-
ference should be higher at a warmer end. Furthermore, reducing irreversibilities is also
intrinsically connected to minimizing the transferred heat as explained in the literature
review.

Initially, the plan was to use Aspen HYSYS optimizer, which is integrated into the soft-
ware, but it is not the most suitable for complicated liquefaction processes with several
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degrees of freedom. Therefore, in the scope of this thesis, the optimization process was
simplified and was done in steps as described below. The optimization was done using the
case study option in Aspen HYSYS software, and it will be further explained for every
individual case. However, for better results in the future, more sophisticated optimization
models should be used in external numerical computing environments such as Python,
MATLAB, and similar.

4.4.1 Optimization procedure of the base case
For the reverse helium Brayton cycle, parameters that can be manipulated were defined to
minimize the specific energy consumption for this selected case, and then the case study
tool provides different results depending on the input parameters. These parameters are:

• Mass flow rate of the helium refrigerant ṁHe:

• Pressure ratios of helium compressor stages to determine helium refrigerant high
pressure;

• Outlet pressures of both helium expanders pexp1 and pexp2;

• Pressure ratios of hydrogen compressor stages to determine high pressure of hydro-
gen boil-off gas.

First, the simulation was based on the trial and error method. This means that based on
initial and boundary conditions and predefined assumptions from Table A.1, values of the
parameters were determined and adjusted until reasonable results were obtained. From
that point on, the optimization procedure in the following steps started.

The first optimization step was to determine the optimum pressure ratio of hydrogen com-
pressor stages. The too high-pressure ratio resulted in the large energy consumption for
compression of hydrogen. On the other side, too low pressure leads to more energy needed
to liquefy hydrogen. As mentioned before, it is beneficial to use the identical pressure ratio
for all hydrogen compressor stages. The case study for changing the pressure ratio within
a certain range was set up. Therefore, this step plays a crucial role in this process. To
find the optimum value, the pressure ratio of helium compressor stages and both outlet
helium expanders outlet pressures were fixed, while adjust function was used to adjust
the mass flow of the helium refrigerant to obtain minimum temperature approach of 0.5 K
temperature in the heat exchanger HX-4.

After determining the best pressure ratio for hydrogen compressors, it was possible to
proceed to the next step. At this step, the goal was to determine the optimum high and
low pressure of the helium refrigeration cycle. High pressure of helium was defined by
the pressure ratio of helium compressor stages, which were again assumed to be identical.
On the other side, helium low pressure was defined by the outlet pressure of the second
expander. However, during this stage also the outlet pressure of the first expander was
manipulated. The case study was defined for this case. At the same time, the adjust
function to adjust the mass flow rate of the helium refrigerant was still running to reach
the specified temperature.
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4.4.2 Optimization procedure of the hydrogen refrigeration case
For the hydrogen Claude process, the whole optimization procedure was very similar to
the base case. Parameters for manipulation were defined to minimize the specific energy
consumption for this selected case, and then the case study tool provides different results
depending on the input parameters. These parameters are:

• Mass flow rate of the hydrogen refrigerant ṁRH2 ;

• Pressure ratios of hydrogen refrigerant compressor stages to determine hydrogen
refrigerant high pressure;

• Outlet pressures of the second hydrogen refrigerant expander pexp2;

• Pressure ratios of hydrogen boil-off gas compressor stages to determine the pressure
of BOG before entering the reliquefaction process;

• The split ratio of the streams in the TEE.

Identically as in the base case, the simulation was based on a trial and error method to
obtain reasonable results. From there, the optimization procedure followed similar steps
to the base case.

4.5 Exergy analysis and key performance indicators
In terms of exergy analysis, first exergy flows in kW of every stream were determined
according to Equation 4.6, and then for every process equipment, the exergy efficiency
and exergy destruction or irreversibility were determined according to other equations.

Ėxflow = ṁ((h− hamb)− Tamb(s− samb)) (4.6)

For heat exchangers, the exergy efficiencies were calculated according to Equation 4.7 and
irreversiblities according to Equation 4.8

ψHX =

∑
(Ėxout,h − Ėxin,h)∑
(Ėxin,c − Ėxout,c)

(4.7)

Ėxdest =

∑
Ėxout,h − Ėxin,h∑
Ėxin,c − Ėxout,c

(4.8)

In the case of compressors, because there was only one inlet and one outlet flow, the
exergy efficiency is calculated according to Equation 4.9 and irreversibilities are calculated
according to Equation 4.10.

ψcomp =
Ėxout − Ėxin

Wcomp
(4.9)

Ėxdest = Ėxin +Wcomp − Ėxout (4.10)
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On the other side in terms of turbines, there were also only one inlet and one outlet
stream. Therefore, exergy efficiencies were determined according to Equation 4.11 and
irreversibilities according to Equation 4.12.

ψturb =
Wturb

Ėxin − Ėxout
(4.11)

Ėxdest = Ėxin −Wturb − Ėxout (4.12)

For coolers and Joule-Thomson valves with only one outlet and one inlet stream, exergy ef-
ficiencies were defined according to Equation 4.13 and irreversibilities according to Equa-
tion 4.14

ψ =
Ėxin

Ėxout
(4.13)

Ėxdest = Ėxin − Ėxout (4.14)

However, at the end irreversibilities are converted into specific irreversibilities according
to Equation 4.15. In this case specific irreversibility is defined as a ratio between irre-
versibility and mass flow of produced liquid hydrogen from the process.

exdest =
Ėxdest
ṁLH2

(4.15)

Then considering the calculated irreversibilities, it is possible to determine the total lique-
faction specific energy as in Equation 4.2 according to Equation 4.16. Total liquefaction
specific energy is a sum of minimum liquefaction energy and specific irreversibilities:

etotal = exdest + emin (4.16)

Apart from the specific exergy and exergy efficiency, there are certain other key perfor-
mance indicators to determine the process. Because part of this thesis was to determine
also which process components are needed, some other parameters could help with the fu-
ture economic analysis. It is very important to determine the type of heat exchangers used,
and only then it is possible to make a detailed design. Furthermore, it is very important to
determine the size defined by area A and the heat transfer coefficient U, which is defined
by properties of fluids in the heat exchanger. However, in this case, only the product UA
results will be presented and from there it is possible to determine the size of a heat ex-
changer. The most important factor to determine the fit between the cooling and heating
curve is the logarithmic mean temperature difference (LMTD), and the relation between
UA and LMTD is given in Equation 4.17, where Q represents heat exchanger duty.

Q = UA× LMTD (4.17)

Other important performance indicators, which are not included in the analysis in the scope
of this thesis include available space for heat exchangers, manufacturing technologies,
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4.5 Exergy analysis and key performance indicators

capital expenditures, operational expenditures, and other characteristics that define the
final performance of a heat exchanger.

For coolers in the scope of this thesis, only two key performance indicators are presented:
cooler duty Q and capacity. The size is determined based on the cooling medium and
ambient conditions for air or water.

For compressors, key performance indicators are power consumption, efficiencies (isen-
tropic, polytropic), capacities, and type of a compressor. In the case of piston compressors,
also displacement volume will be reported.

Similar for expanders: it is important to report power consumption, efficiencies and ca-
pacities. Capacity is also an important parameter for Joule-Thomson valves.
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Chapter 5
Final results and analysis

In this chapter, the simulation results of helium, hydrogen, and nelium processes and their
alternatives are presented, compared, and discussed. The detailed process and flow dia-
grams of the main reliquefaction concept are included in the Appendix Figures A.1, A.2,
B.1, B.2, C.1, C.2, including mass and energy balance of all streams and composite and
splitting curves of certain simulations.

To calculate minimum necessary liquefaction work, values from Table 5.1 were used.
These values were acquired from Aspen HYSYS software for 100 % parahydrogen with
MBWR equations of state. In this table, HBOG represents the hydrogen BOG stream after
the first heat exchanger E-100 as seen from Figure A.1 in the Appendix, which simulates
the heat inleak into the pipes from the reservoir to reliquefaction part, while HLH2 is the
liquid hydrogen stream after the separator V-101 in the same figure. In Figure 5.1 the com-
parison is given for how does the minimum liquefaction energy change with temperature
of the boil-off gas for 100 % parahydrogen at pressure 1.16 bar, which is assumed storage
pressure in these simulations.

Using Equation 4.5 and data from Table 5.1, calculated minimum liquefaction work for
these simulations with these assumptions is 2.078 kW h kg−1.

Stream p [bar] T [◦C] h [kJ kg−1] s [kJ kg−1 K]
HydrogenBOG -235 1.16 385.1 36.39
HydrogenLH2 -252.4 1.16 -251.3 8.21

Table 5.1: Pressure, temperature, specific enthalpy and specific entropy of hydrogen streams used
to define the minimum liquefaction energy.

Figure 5.2 shows how minimum specific energy necessary to reliquefy hydrogen boil-off
gas depends on hydrogen boil-off gas pressure at the outlet of heat exchanger HX-1 in
Figure 3.1 before it enters additional liquefaction process. The blue curve is calculated
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Chapter 5. Final results and analysis

Figure 5.1: Theoretical minimum specific energy for boil-off gas reliquefaction depending on dif-
ferent boil-off gas temperatures at pressure 1.16 bar.

based on Equation 2.6, where specific enthalpy and specific entropy for stream denoted
with number 2 in that equation are values of HydrogenLH2 from Table 5.1, and number 1
represents specific enthalpy and entropy of hydrogen boil-off gas stream out of HX-1 as
presented in Figure 3.1 and 3.2. From this curve, it is obvious that minimum liquefaction
energy is lower for compressed hydrogen boil-off gas. However, as can be seen, this
relation is not linear for the simulations with given assumptions. These can be partially
explained by a larger absolute pressure drop at higher pressures.

On the other side, the specific energy needed for compression, the green curve, is based on
simulations with realistic assumptions explained in Chapter 4. According to the assump-
tions, specific energy needed for compression increases with higher outlet pressure. The
red curve is a sum of both curves and represents theoretical minimum reliquefaction for
this set up with the assumptions used. As seen from Figure 5.2, theoretically is not benefi-
cial to compress hydrogen boil-off gas before reliquefaction in this case, but of course, real
liquefaction energy depends strongly also on other factors and simulation results will be
presented on following pages. As explained in Chapter 2, most liquefaction processes use
hydrogen pressure at 21 bar and up to 80 bar. However, compression work in these cases
is usually smaller, because natural gas steam reforming, autothermal reforming, and elec-
trolysis as the most common ways of producing hydrogen all deliver hydrogen at elevated
pressures. In the applications related to boil-off gas, this is not the case. Therefore, it is
not straightforward that higher hydrogen pressure would lead to lower liquefaction work.
On the contrary, in this case, energy consumption increases with hydrogen pressure.
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5.1 Results for the helium refrigeration cycle

Figure 5.2: Theoretical specific energy to reliquefy hydrogen boil-off gas based on theoretical mini-
mum specific liquefaction energy, specific energy for compression dependency on hydrogen boil-off
gas outlet pressure from precooling process.

5.1 Results for the helium refrigeration cycle
This cycle was used as the base case for the master’s thesis. This means that certain find-
ings from the base case helped to design and evaluate the simulations of other alternatives.
The initial result was based on the trial and error approach, where values were manipulated
to get a reasonable result. For a reasonable pressure ratio for hydrogen piston compres-
sors, our starting pressure ratio was set at 2.7, which resulted in the hydrogen pressure at
the outlet of the third compressor stage set at around 22 bar. Due to the pressure drop in
the aftercooler and the next heat exchanger, this means that hydrogen enters the helium
reverse Brayton cycle with two helium expanders at the pressure of 21.5 bar and temper-
ature of −223 ◦C. As explained before, this starting pressure was chosen because most of
the liquefaction processes start at elevated pressure. Helium high pressure was at 10.1 bar
and low pressure of helium cycle was at 3 bar. This means that the specific energy con-
sumption and exergy efficiency are 7.299 kW h kg−1 and 28.47 %, respectively.

5.1.1 First simulation result
In this section, the detailed results of the first successful simulation are presented. The
same labels of the equipment are used as they are presented in the process flow diagram
made from Aspen HYSYS software, which is shown in the Appendix, Figure A.1. For
comparison, split and composite temperature-heat flow diagrams for every heat exchanger
are reported, but due to easier comparison, they are all put in the Appendix. in Table 5.2
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results are given for simple weighted LMTD and UA, which are calculated separately for
each interval on a heat curve and summed together to calculate an overall heat exchanger
UA. Heat exchanger duties Q and minimum temperature difference ΔTmin for every heat
exchanger are also included. Other performance indicators will be presented in the next
section when all alternative processes will be compared. Heat splitting and composite
curves for every heat exchanger are presented in Figure A.3a, Figure A.3b, Figure A.4a
and Figure A.4b in the Appendix. Furthermore, mass balance with the main streams and
corresponding properties is included as well in Table 5.3. At the end of this section, the
results of the compressors and the expanders are given in Table 5.4 and Table 5.5.

In Table 5.2, basic results for every heat exchanger are presented. From the table, it is
obvious the most heat is transferred in the HX-2 heat exchanger, and the least heat is
transferred in the last one between helium refrigerant and hydrogen stream - as expected.
Figure A.3a, Figure A.3b, Figure A.4a and Figure A.4b represent all main heat exchangers
and they are available in the Appendix. In these figures, the red line presents the hot
composite curve, which consists of hot streams that are cooled down by transferring the
heat to cold streams that are warmed up, and these streams are combined into the cold
composite curve, the blue line. These figures present how good is the fit between cold and
warm streams. However, Figures A.3a and A.3b refer to a much larger temperature scale,
and for this reason, the fit appears to be better. However, according to the results from
Table 5.2, it can be seen that actually, the last heat exchanger has the best fit according
to LMTD and ΔTmin, although this is at first not obvious from the figures due to scaling
perspective.

Specification HX-1 HX-2 HX-3 HX-4
LMTD [K] 2.40 2.05 3.49 1.5
ΔTmin[K] 1.50 0.83 2.50 0.5
Q [kW] 261.7 1310 37.7 2.7
UA [kW K−1] 109 639.4 10.8 1.8

Table 5.2: Main results for heat exchangers for the first simulation result of helium reverse Brayton
cycle with the Joule-Thomson valve.

In Table 5.3, data for the main material streams of hydrogen and helium refrigerant are
given. As explained before, the stream H-RCY is used to prevent a phase change when
recycling the stream back to the reliquefaction process. In Tables 5.4 and 5.5, the main
properties of compressors and expanders are given. As we see from the tables, the power
consumption of helium compressors was significantly higher than hydrogen compressors.

5.1.2 Process optimization
After obtaining the first reasonable result from the trial and error method, simple opti-
mization began. As it was described in Chapter 4, optimization started by manipulating
the pressure ratio of hydrogen compressor stages. As emphasized in Chapter 4, the adjust
function was used to set the mass flow rate of the helium refrigerant to get the minimum
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Table 5.3: Material balance of the main hydrogen and helium streams for the first simulation result
of helium reverse Brayton cycle with the Joule-Thomson valve.

Property K-101 K-102 K-103 K-104 K-105
Power [kW] 139.4 140.4 141.1 641.7 647.1
Inlet pressure [bar] 1.14 3.05 8.16 2.70 5.17
Outlet pressure [bar] 3.08 8.24 22.02 5.27 10.07
Adiabatic efficiency [%] 70 70 70 70 70
Polytropic efficiency [%] 74 74 74 74 74

Table 5.4: Power, inlet and outlet pressures, adiabatic and polytropic efficiencies of hydrogen and
helium compressors for the first simulation result of helium reverse Brayton cycle with the Joule-
Thomson valve.

Property EXP-101 EXP-102
Power [kW] 37.52 18.93
Inlet pressure [bar] 9.87 4.84
Outlet pressure [bar] 4.94 3.00
Isentropic efficiency [%] 80 80
Polytropic efficiency [%] 78 78

Table 5.5: Power, inlet and outlet pressures, isentropic and polytropic efficiencies of hydrogen and
helium expanders for the first simulation result of helium reverse Brayton cycle with the Joule-
Thomson valve.

temperature approach in the HX-4 close to 0.5 K. Furthermore, temperatures of certain
streams were manipulated to lower the minimum approach and LMTD in the heat ex-
changers at lower temperature levels, thus reducing irreversibilities in the process and de-
creasing power consumption. For this reason, there are several results for every hydrogen
pressure level depending on a different temperature assumption combination. Tempera-
ture values consequently influenced the vapor fraction at the outlet of the Joule-Thomson
valve, and how much gas it is needed to recycle back into the reliquefaction process. The
results of this approach are shown in Figure 5.3 in terms of pressure ratio of hydrogen
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compressors, and in Figure 5.4 in terms of hydrogen high pressure. As we see from the
figures, the optimum value of compressor ratio for hydrogen boil-off gas is 2, and outlet
pressure of hydrogen before the helium liquefaction process, in this case, is 8.72 bar. Low
pressure is expected for these cases, as seen from Figure 5.2. However, it is interesting
that this pressure is still a bit higher than the ambient. With the defined pressure level of
hydrogen, it is possible to proceed with the second step of the optimization procedure.

Figure 5.3: The results of specific energy consumption depending on the hydrogen outlet pressure
for the simulation of helium reverse Brayton cycle with the Joule-Thomson valve.

Figure 5.4: The results of specific energy consumption depending on the hydrogen outlet pressure
for the simulation of helium reverse Brayton cycle with the Joule-Thomson valve.

At this step, the low and high pressure of helium refrigerant was determined. High pressure
was determined by the pressure ratio of helium compressors. Identical to the previous step,
the adjust function was used to get the low-temperature ΔTmin. Besides this, also values
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5.1 Results for the helium refrigeration cycle

of certain temperature streams were manipulated. Figures 5.5 and 5.6 present how the
specific power consumption depends on different pressure ratios of helium compressors
which define HP on the helium refrigerant side, and how it depends on the low pressure
(LP) of helium. As we see from the figures, the optimum value for pressure ratio for
helium compressors is 1.9 and helium outlet pressure is 10 bar.

Figure 5.5: The results of specific energy consumption depending on the pressure ratio of helium
compressors for the simulation of helium reverse Brayton cycle with the Joule-Thomson valve.

Figure 5.6: The results of specific energy consumption depending on the outlet pressure of the
second expander in the helium cycle for the simulation of helium reverse Brayton cycle with the
Joule-Thomson valve.

The combination of values for helium compressors pressure ratio and low pressure of
helium also defined the high pressure of hydrogen. High pressure of helium influence on
the efficiency of the process is illustrated by Figure 5.7 which presents the dependence
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of the specific energy consumption on helium high pressure. From this figure, it can
be seen that there is a certain range of high helium pressures where the specific energy
consumption is low, and the goal is to find the combination of the pressure ratio of helium
compressors and helium outlet pressure of the second expander which gives us the high
pressure in the certain range.

Figure 5.7: The results of specific energy consumption depending on the high pressure in the helium
cycle for the simulation of helium reverse Brayton cycle with the Joule-Thomson valve.

5.1.3 The best simulation results
Based on the optimization results, the settings leading to the best result were identified.
The hydrogen pressure ratio, in this case, was set at 2, which resulted in the hydrogen
pressure at the outlet of the third compressor stage set at around 8.95 bar. Due to pres-
sure drop in the aftercooler and the next heat exchanger HX-1, this means that hydrogen
enters the helium reverse Brayton cycle with two expanders at the pressure of 8.72 bar
and temperature of −229.4 ◦C. Helium compressor ratio was set at 1.9 and low pressure
of helium cycle was at 10 bar resulting in high pressure at 34.83 bar. This resulted in
the values of the specific energy consumption and exergy efficiency of 6.528 kW h kg−1

and 31.8 %, respectively. However, with potential utilization of 80 % of the power from
helium expanders, the specific energy consumption drops by 6.317 kW h kg−1, and the
exergy efficiency, in this case, is 32.9 %.

The detailed results of the best case for the process design are given in the Appendix, and
the simulation process flow diagram is presented in Figure A.1. The results, in this case,
are presented identically as for the first case. The heat exchangers’ results are presented
in Table 5.7. Heat splitting and composite curves for every heat exchanger are presented
in Figures A.5a, A.5b, A.6a and A.6b in the Appendix. The mass balance with the main
streams and corresponding properties is included in Table 5.8. At the end of this section,
results for the compressors and the expanders are presented in Tables 5.8 and 5.9.
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Specification HX-1 HX-2 HX-3 HX-4
LMTD [K] 1.94 2.06 1.93 1.71
ΔTmin[K] 1.50 0.50 0.51 0.50
Q [kW] 262.6 1318 37.0 4.1
UA [kW K−1] 135.5 639.4 19.1 2.4

Table 5.6: Heat exchangers for the best simulation case of helium reverse Brayton cycle with the
Joule-Thomson valve.

In Table 5.6, results for the heat exchangers are given. As seen from the table, the results
show lower LMTD and lower minimum approach in comparison to the starting case. This
leads to a better fit between the cooling and heating curves and lower energy consumption
in comparison to the base case. In Table 5.7, the main material streams of hydrogen and
helium refrigerant are given, while the rest are in the Appendix, Table A.2. Tables 5.8
and 5.9 show the main properties of compressors and expanders. Compared to the starting
simulation, significantly lower power is needed to run hydrogen compressors (K-101 to
K-103), while there is also a small reduction in helium compressors’ power. These two
things result in a significantly smaller specific power consumption.

Table 5.7: Material balance of the main hydrogen and helium streams for the best simulation case
of helium reverse Brayton cycle with the Joule-Thomson valve.

As explained before, the important goal of this thesis is to estimate, whether it is beneficial
to implement the liquid turbine expander instead of the Joule-Thomson valve. Therefore,
in Figure 5.8, expansion in the valve, and the expander are compared. Based on the as-
sumptions final expansion is done to the pressure of 1.16 bar. It is important to enter
the two-phase region of liquid and gas, and the amount of corresponding phases is defined
based on the phase fraction. In this case, 1 means that this is only a gas phase, and 0 means
that this is only a liquid phase. Any number between 0 to 1 represents the two-phase re-
gion. With the lower number, meaning that a higher relative amount was liquefied. To
see the difference in expansions in the Joule-Thomson valve and the turbine expander re-
sults for different pressures and temperatures at the inlet were compared in the figure. As
seen from the figure, in the expander, there is always a higher amount of liquid phase in
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Property K-101 K-102 K-103 K-104 K-105
Power [kW] 93.4 94.0 94.2 620.2 627.7
Inlet pressure [bar] 1.14 2.26 4.48 9.70 18.33
Outlet pressure [bar] 2.28 4.52 8.95 18.43 34.83
Adiabatic efficiency [%] 70 70 70 70 70
Polytropic efficiency [%] 73 73 73 73 73

Table 5.8: Power, inlet and outlet pressures, adiabatic and polytropic efficiencies of hydrogen and
helium compressors for the best simulation case of helium reverse Brayton cycle with the Joule-
Thomson valve.

Property EXP-101 EXP-102
Power [kW] 38.6 23.3
Inlet pressure [bar] 34.63 17.21
Outlet pressure [bar] 17.31 10
Isentropic efficiency [%] 80 80
Polytropic efficiency [%] 78 78

Table 5.9: Power, inlet and outlet pressures, isentropic and polytropic efficiencies of hydrogen
and helium expanders for the best simulation case of helium reverse Brayton cycle with the Joule-
Thomson valve.

comparison to the Joule-Thomson valve, if the inlet conditions are the same. However,
the difference becomes smaller with lower temperatures as seen from Figure 5.9. As seen
from Figure 5.8, it is not beneficial to expand at a temperature higher than −246 ◦C as the
gas fraction, in this case, is higher than 20 % and at these temperatures, the difference is
not so large. Furthermore, it is worth noticing higher inlet pressure results in larger differ-
ences in gas fractions for expansions in the Joule-Thomson valve and the turbine expander.
However, as seen from the results for the base case, it is not beneficial to compress boil-off
gas to higher pressures with these assumptions.

Therefore, the implementation of a liquid expander, in this case, is not automatically a
better solution. In a detailed design, the economic analysis would determine if benefits
outweigh the drawbacks and whether it is worth it to implement it. Based on the trial and
error approach, the best result was found. Hydrogen boil-off gas pressure ratio was set on
2, which resulted in the hydrogen pressure at the outlet of the third compressor stage set at
around 8.95 bar. Due to pressure drop in the aftercooler and the next heat exchanger, this
means that hydrogen enters the helium reverse Brayton cycle with two expanders at the
pressure of 8.72 bar and temperature of−229.2 ◦C. Helium compressor ratio and pressure
at the outlet of the second expander was equivalent to the values as determined in the best
case. These assumptions resulted in the values of the specific energy consumption and ex-
ergy efficiency of 6.343 kW h kg−1 and 32.8 % respectively, and with potential utilization
of 80 % of the power from helium expanders, the specific energy consumption drops by
6.134 kW h kg−1, and the exergy efficiency, in this case, is 33.9 %.
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Figure 5.8: Theoretical specific energy to reliquefy hydrogen boil-off gas based on theoretical min-
imum specific liquefaction energy and specific compression work dependency on hydrogen boil-off
gas outlet pressure from precooling process.

The detailed results of the best case for the process design are given in the Appendix,
and the simulation process flow diagram is presented in Figure A.2. The heat exchangers
results are presented in Table 5.10. Heat splitting and composite curves for heat exchangers
are very similar to Figures A.5a, A.5b, A.6a and A.6b and are not presented here. The mass
balance with the main streams and corresponding properties is included in Table 5.11. The
full material balance including exergy flows is in the Appendix in table A.3. At the end
of this section, results for the compressors and the expanders are presented in Tables 5.12
and 5.13.

Specification HX-1 HX-2 HX-3 HX-4
LMTD [K] 1.94 2.05 1.86 1.73
ΔTmin[K] 1.50 0.5 0.5 0.5
Q [kW] 258.4 1276 33.6 4.3
UA [kW K−1] 133.4 622.1 18.1 2.5

Table 5.10: Heat exchangers results for the best simulation case of helium reverse Brayton cycle
with the liquid turbine expander.

As seen from the table above, the LMTD and minimum approach are even lower in this
case, but this was expected due to lower specific energy consumption. In Table 5.11,
the main hydrogen and helium streams are presented, but the whole material balance is
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Figure 5.9: Theoretical specific energy to reliquefy hydrogen boil-off gas based on theoretical min-
imum specific liquefaction energy and specific compression work dependency on hydrogen boil-off
gas outlet pressure from precooling process.

presented in the Appendix in Table A.3. As seen from Table 5.12, the required power for
all compressors was lower and this was the main reason for the better results in this case.
On the other side, liquid expander EXP-103 of hydrogen for such a low pressure does not
produce a lot of power, as seen from Table 5.13. In conclusion, the utilization of this power
from the expander does not have a significant impact on the overall performance results, if
included or not.

Table 5.11: Material balance of the main hydrogen and helium streams for the best simulation case
of helium reverse Brayton cycle with the liquid turbine expander.
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Property K-101 K-102 K-103 K-104 K-105
Power [kW] 92.0 92.6 92.8 600.6 607.7
Inlet pressure [bar] 1.14 2.26 4.48 9.70 18.33
Outlet pressure [bar] 2.28 4.52 8.95 18.43 34.83
Adiabatic efficiency [%] 70 70 70 70 70
Polytropic efficiency [%] 73 73 73 73 73

Table 5.12: Power, inlet and outlet pressures, adiabatic and polytropic efficiencies of hydrogen and
helium compressors for the best simulation case of helium reverse Brayton cycle with the liquid
turbine expander.

Property EXP-101 EXP-102 EXP-103
Power [kW] 37.42 22.98 0.78
Inlet pressure [bar] 34.63 17.21 8.31
Outlet pressure [bar] 17.31 10.0 1.16
Isentropic efficiency [%] 80 80 80
Polytropic efficiency [%] 78 78 78

Table 5.13: Power, inlet and outlet pressures, isentropic and polytropic efficiencies of hydrogen and
helium expanders for the best simulation case of helium reverse Brayton cycle with the liquid turbine
expander.

5.2 Results for hydrogen Claude refrigeration cycle
Different than to the helium process, in this case, the first simulation results are not in-
cluded because the process simulation was set up based on the findings from the helium
reverse Brayton cycle and these results do not provide any important new insights. There-
fore, first, the results of the optimization will be presented, and then detailed results of
the best case are reported. Like process optimization for the helium refrigerant cycle, ma-
nipulation of certain temperature parameters was needed to get the lowest specific energy
consumption. As it was explained before, the adjust function was used to reach the pinch
temperature in the last heat exchanger at 0.5 K. To find the best hydrogen boil-off gas
pressure for this reliquefaction process, the first step was to optimize this value. The re-
sults are presented in Figure 5.10 in terms of hydrogen boil-off gas compressors pressure
ratio, and in Figure 5.11 in terms of hydrogen boil-off gas outlet pressure.

As seen from these figures, in this case, it is beneficial to have slightly higher pressure. It
was possible to get a better fit with higher pressure when using hydrogen refrigerant. Based
on the results, the optimum pressure was around 15 bar corresponding to the pressure ratio
of 2.4.

After this first optimization step, the optimization focus was on the hydrogen refrigerant
side. The outlet pressure of the second hydrogen expander determined the inlet temper-
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Figure 5.10: The results of specific energy consumption depending on the hydrogen boil-off gas
pressure ratio for the hydrogen Claude process with the Joule-Thomson valve.

Figure 5.11: The results of specific energy consumption depending on the hydrogen boil-off gas
pressure entering the reliquefaction cycle for the hydrogen Claude process with the Joule-Thomson
valve.

ature of the refrigerant into the final expander, consequently determining the final liquid
fraction after the expansion in the Joule-Thomson valve. Liquid fraction also determined
how much boil-off gas needs to be recycled back into the reliquefaction process. The
results of the low hydrogen pressure are presented in Figure 5.12, while the results for
a pressure ratio of hydrogen refrigerant compressors and consequently high pressure of
hydrogen are presented in Figure 5.13 and Figure 5.14.

As seen from the figures, the best setting is the pressure ratio of 2.65 and low pressure of
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Figure 5.12: The results of specific energy consumption depending on the hydrogen refrigerant
second expander outlet pressure for the hydrogen Claude process with the Joule-Thomson valve.

Figure 5.13: The results of specific energy consumption depending on the hydrogen refrigerant
compressors pressure ratio for the hydrogen Claude process with the Joule-Thomson valve.

hydrogen refrigerant at 3.5 bar.

5.2.1 The best simulation result
Using the values from the optimization part, the best case for hydrogen is defined. Hy-
drogen boil-off gas pressure ratio was set on 2.4 and thus the pressure out of the third
compressor stage is 15.47 bar Due to pressure drops in the heat exchangers, hydrogen en-
ters the hydrogen Claude cycle at the pressure of 15.07 bar and temperature of−226.6 ◦C.
Hydrogen refrigerant compressors pressure ratio 2.65 and low pressure at the outlet of the
second expander is at 3.5 bar. This means that hydrogen refrigerant high pressure was
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Figure 5.14: The results of specific energy consumption depending on the hydrogen refrigerant high
pressure for the hydrogen Claude process with the Joule-Thomson valve

set at 22.7 bar The result of the specific energy consumption and exergy efficiency was
of 6.337 kW h kg−1 and 32.8 % respectively, and with potential utilization of 80 % of the
power from hydrogen refrigerant expanders, the specific energy consumption drops by
6.140 kW h kg−1, and the exergy efficiency, in this case, is 33.9 %.

Hydrogen process is expected to be more efficient than the helium process. This is due
to the better fit between the BOG and the refrigerant. The process flow diagram of the
hydrogen Claude process with the Joule-Thomson valve is presented in Figure B.1. The
main results of the heat exchanger for this process are reported in Table 5.14. The split and
composite curves for heat-temperature for every heat exchanger are presented in Figures
B.3a, B.3b, B.4a and B.4b in the Appendix. The material balance of the most important
streams is given in Table 5.15, while compressors and expanders are given in Table 5.16
and 5.17.

Specification HX-1 HX-2 HX-3 HX-4
LMTD [K] 2.19 2.94 2.03 1.66
ΔTmin[K] 1.50 2 0.51 0.5
Q [kW] 280 1106 62.5 42.9
UA [kW K−1] 127.7 376.4 30.8 25.8

Table 5.14: Heat exchangers results for the hydrogen Claude process with the Joule-Thomson valve

In Table 5.15, the main streams and their properties are presented. Other material streams
are presented in the Appendix in Table B.2. The results for the compressors and expanders
are presented below in Table 5.16 and 5.17. The required power for hydrogen boil-off gas
compression was higher due to higher outlet pressure in comparison to the helium refrig-
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5.2 Results for hydrogen Claude refrigeration cycle

eration cycle. However, in this case, there was quite a significant decrease in consumption
power on the refrigerant side, and this is the main reason that the hydrogen process is more
efficient than helium.

Table 5.15: Material balance of the main hydrogen boil-off gas and hydrogen refrigerant streams
for the hydrogen Claude process with the Joule-Thomson valve

Property K-101 K-102 K-103 K-104 K-105
Power [kW] 128.9 129.8 130.2 363.4 733.0
Inlet pressure [bar] 1.14 2.71 6.44 3.33 8.55
Outlet pressure [bar] 2.74 6.51 15.47 8.83 22.67
Adiabatic efficiency [%] 70 70 70 70 70
Polytropic efficiency [%] 73 73 73 74 74

Table 5.16: Power, inlet and outlet pressures, adiabatic and polytropic efficiencies of hydrogen
compressors for the hydrogen Claude process with the Joule-Thomson valve

Property EXP-101 EXP-102
Power [kW] 30.99 26.85
Inlet pressure [bar] 22.09 21.74
Outlet pressure [bar] 8.83 3.5
Isentropic efficiency [%] 80 80
Polytropic efficiency [%] 77 77

Table 5.17: Power, inlet and outlet pressures, isentropic and polytropic efficiencies of hydrogen
refrigerant expanders for the hydrogen Claude process with the Joule-Thomson valve
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For comparison, the turbine expander substituted the Joule-Thomson valve. In this case,
the best result was based similar to the helium reverse Brayton refrigeration cycle with the
liquid expander on the trial and error approach. For the best setting, the hydrogen boil-off
gas pressure ratio was set on 2.4 and hydrogen enters the hydrogen Claude cycle at the
pressure of 15.07 bar and temperature of −226.1 ◦C. Hydrogen refrigerant compressors
pressure ratio and low pressure at the outlet of the second expander were the same as for
the case with the Joule-Thomson valve. The result of the specific energy consumption
and exergy efficiency was of 6.123 kW h kg−1 and 33.9 % respectively, and with potential
utilization of 80 % of the power from hydrogen refrigerant expanders, the specific energy
consumption drops by 5.927 kW h kg−1, and the exergy efficiency, in this case, is 35.06 %.

The results for the heat exchangers are given in Table 5.18. In this case, composite and split
curves are not included, because they do not provide any additional relevant information.
The main streams are presented in Table 5.19, and other streams are presented in the
Appendix in Table B.3. The main results for hydrogen compressors and expanders are
given in Table 5.20 and Table 5.21.

The results of the power for the compressors show that in this case, the compression power
is smaller for all compressors, and this can be explained by a more efficient polytropic
expansion in the turbine expander in comparison to isenthalpic expansion in the Joule-
Thomson valve, as shown in Figure 5.8 and Figure 5.9. More efficient expansion results in
a lower amount of recycled hydrogen boil-off gas, and consequently, also the compression
energy is lower.

Specification HX-1 HX-2 HX-3 HX-4
LMTD [K] 2.19 2.94 2.05 2.46
ΔTmin[K] 1.50 2 0.52 0.51
Q [kW] 265.2 1074 62.8 40.3
UA [kW K−1] 121.2 365.6 30.7 16.4

Table 5.18: Results for heat exchangers for the hydrogen Claude process with the expander

5.3 Mixed refrigerant results
As explained in Chapter 4, the mixed refrigerant result in the scope of this thesis was
based on the error and trial approach. The hydrogen pressure ratio, in this case, was set at
2, which resulted in the hydrogen pressure at the outlet of the third compressor stage set at
around 8.95 bar. Due to pressure drop in the aftercooler and the next heat exchanger HX-
1, this means that hydrogen enters the mixed refrigerant reverse Brayton cycle with two
expanders at the pressure of 8.72 bar and temperature of −229.9 ◦C. Nelium compressor
ratio was set at 1.3 according to assumptions, and low pressure of the cycle was at 7 bar
resulting in high pressure at 23.6 bar. This setting resulted in the values of the specific
energy consumption and exergy efficiency of 6.222 kW h kg−1 and 33.4 %, respectively.
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Table 5.19: Material balance of the main hydrogen boil-off gas and hydrogen refrigerant streams
for the best simulation of the hydrogen Claude process with the liquid expander.

Property K-101 K-102 K-103 K-104 K-105
Power [kW] 122.4 123.2 123.6 353.0 711.9
Inlet pressure [bar] 1.14 2.71 6.44 3.33 8.56
Outlet pressure [bar] 2.74 6.51 15.47 8.83 22.67
Adiabatic efficiency [%] 70 70 70 70 70
Polytropic efficiency [%] 73 73 73 74 74

Table 5.20: Power, inlet and outlet pressures, adiabatic and polytropic efficiencies of hydrogen
compressors for the best simulation of the hydrogen Claude process with the liquid expander.

Property EXP-101 EXP-102 EXP-103
Power [kW] 30.11 25.64 1.46
Inlet pressure [bar] 21.74 22.09 14.59
Outlet pressure [bar] 8.83 3.5 1.16
Isentropic efficiency [%] 80 80 80
Polytropic efficiency [%] 77 77 77

Table 5.21: Power, inlet and outlet pressures, isentropic and polytropic efficiencies of hydrogen re-
frigerant expanders for the best simulation of the hydrogen Claude process with the liquid expander.

However, with potential utilization of 80 % of the power from helium expanders, the spe-
cific energy consumption drops by 6.043 kW h kg−1, and the exergy efficiency, in this
case, is 34.4 %.

These results are presented in the same way as it was before for the other two cases. In
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Table 5.22, the results for heat exchangers are presented. Heat splitting and composite
curves for every heat exchanger are presented in Figure C.3a, Figure C.3b, Figure C.4a
and Figure C.4b in the Appendix. Furthermore, mass balance with the main streams and
corresponding properties are included in Table 5.23, while the whole material balance
with exergy flows is included in the Appendix in Table C.2. At the end of this section, the
results of the compressors and the expanders are given in Table 5.24 and Table 5.25.

Specification HX-1 HX-2 HX-3 HX-4
LMTD [K] 1.94 2.52 1.83 1.01
ΔTmin[K] 1.50 1.42 0.56 0.5
Q [kW] 280.9 1399 70.6 1.02
UA [kW K−1] 144.6 554.7 38.5 1.5

Table 5.22: Main results for heat exchangers for the simulation of mixed refrigerant with the Joule-
Thomson valve.

As seen from Table 5.22, pure helium refrigerant is more efficient in terms of heat transfer
based on the results. However, it is beneficial for adding neon to reduce compression
energy. Figure C.3a, Figure C.3b, Figure C.4a and Figure C.4b all represent fit, which
is worse than for helium Brayton cycle. From Table 5.24 it is possible to see that the
efficiency of the nelium compressors is higher and the compressor energy consumption is
significantly lower in comparison to helium reverse Brayton cycle and hydrogen Claude
process.

Table 5.23: Material balance of the main hydrogen and helium streams for the simulation of mixed
refrigerant with the Joule-Thomson valve.

In the same way as for the other alternatives, also the case with the liquid expander is
presented. The best case was also based on trial and error approach and results are pre-
sented later on. The hydrogen pressure ratio, in this case, was set at 2, which resulted in
the hydrogen pressure at the outlet of the third compressor stage set at around 8.95 bar.
Due to pressure drop in the aftercooler and the next heat exchanger HX-1, this means that
hydrogen enters the mixed refrigerant reverse Brayton cycle with two expanders at the
pressure of 8.72 bar and temperature of −229.7 ◦C. Nelium compressor ratio was set at
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Property K-101 K-102 K-103 K-104 K-105 K-106 K-107 K-108
Power [kW] 99.7 100.3 100.5 230.7 231.7 231.7 231.7 220.7
Inlet pressure [bar] 1.14 2.26 4.48 6.64 8.51 10.95 14.11 18.22
Outlet pressure [bar] 2.28 4.52 8.95 8.63 11.07 14.23 18.34 23.69
Adiabatic efficiency [%] 70 70 70 75 75 75 75 75
Polytropic efficiency [%] 73 73 73 76 76 76 76 76

Table 5.24: Power, inlet and outlet pressures, adiabatic and polytropic efficiencies of hydrogen and
nelium compressors for the simulation of mixed refrigerant with the Joule-Thomson valve.

Property EXP-101 EXP-102
Power [kW] 33.3 19.0
Inlet pressure [bar] 23.45 11.6
Outlet pressure [bar] 11.7 37.00
Isentropic efficiency [%] 80 80
Polytropic efficiency [%] 78 79

Table 5.25: Power, inlet and outlet pressures, isentropic and polytropic efficiencies of hydrogen and
nelium expanders for the simulation of mixed refrigerant with the Joule-Thomson valve.

1.3 according to assumptions, and low pressure of the cycle was at 7 bar resulting in high
pressure at 23.6 bar. This resulted in the values of the specific energy consumption and
exergy efficiency of 5.985 kW h kg−1 and 34.8 %, respectively. However, with potential
utilization of 80 % of the power from helium expanders, the specific energy consumption
drops by 5.804 kW h kg−1, and the exergy efficiency, in this case, is 35.8 %.

Presentation of results is done in the same way as it was before for other cases. In Ta-
ble 5.26, the results for heat exchangers are presented. Also, mass balance with the main
streams and corresponding properties are included as well in Table 5.27. The whole ma-
terial balance is presented in Table C.3. At the end of this section, the results of the
compressors and the expanders are given in Table 5.28 and Table 5.29.

Specification HX-1 HX-2 HX-3 HX-4
LMTD [K] 1.94 2.53 1.80 1.01
ΔTmin[K] 1.50 1.49 0.5 0.5
Q [kW] 270.5 1357 68.9 1.44
UA [kW K−1] 139.4 537.1 38.4 1.4

Table 5.26: Heat exchangers results for the simulation of mixed refrigerant with the liquid expander.
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Table 5.27: Material balance of the main hydrogen and helium streams for the simulation of mixed
refrigerant with the liquid expander.

Property K-101 K-102 K-103 K-104 K-105 K-106 K-107 K-108
Power [kW] 96.2 96.8 96.9 223.3 224.8 224.8 224.8 224.9
Inlet pressure [bar] 1.14 2.26 4.48 6.64 8.51 10.95 14.11 18.22
Outlet pressure [bar] 2.28 4.52 8.95 8.63 11.07 14.23 18.34 23.69
Adiabatic efficiency [%] 70 70 70 75 75 75 75 75
Polytropic efficiency [%] 73 73 73 76 76 76 76 76

Table 5.28: Power, inlet and outlet pressures, adiabatic and polytropic efficiencies of hydrogen and
nelium compressors for the simulation of mixed refrigerant with the liquid expander

Property EXP-101 EXP-102 EXP-103
Power [kW] 32.4 18.5 1.0
Inlet pressure [bar] 23.45 11.6 8.31
Outlet pressure [bar] 11.72 7.00 1.16
Isentropic efficiency [%] 80 80 80
Polytropic efficiency [%] 78 78 78

Table 5.29: Power, inlet and outlet pressures, isentropic and polytropic efficiencies of hydrogen and
nelium expanders for the simulation of mixed refrigerant with the liquid expander

5.4 Exergy analysis
For exergy analysis, only processes with the Joule-Thomson valve and without turbine
expander energy utilization are compared, because it is especially important to directly
contrast process alternatives. This means that processes that use the liquid expander in-
stead are not included in this part of the analysis. As explained before, the minimum
liquefaction energy for these processes was 2.078 kW h kg−1. In Table 5.30 and in Table
5.31, the main three process alternatives are presented; helium reverse Brayton cycle, hy-
drogen Claude cycle, and nelium reverse Brayton cycle. The results needed for calculation
of irreversibilities are given in the Appendix for every case separately in Table A.2, Table
B.2 and Table C.2.
As seen from Table 5.30, the most efficient is the nelium process and the least efficient is
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5.4 Exergy analysis

Specifications Helium process Hydrogen process Nelium process
SEC [kW h kg−1] 6.528 6.337 6.222
ψ [%] 31.8 32.8 33.4
exdest,cum [kW h kg−1] 4.430 4.244 4.136

Table 5.30: Comparison of main alternatives in terms of specific energy consumption, exergy effi-
ciency and cumulative specific irreversibilities.

the helium process. Therefore, most irreversibilities are accumulated in the helium pro-
cess, followed by the hydrogen process, while the most efficient is the nelium process.
There is a small difference between cumulative irreversibilities and the result obtained
if minimum liquefaction specific energy is subtracted from the total specific energy con-
sumption. This is due to exergy destruction in the pipe - the pipe was installed before the
recycle to avoid a phase change in the recycle and in the recycle itself, as there was a slight
difference between inlet and outlet mass flows.

In Table 5.31, specific irreversibilities, or specific exergy destruction per mass of produced
liquid hydrogen are presented for every part of the process. These results enable com-
parison and detection wherein the process improvements can be made. To graphically
compare them, it is possible to use Figure 5.15. The detailed results of irreversibilities and
exergy efficiencies of every part of the equipment are presented in Tables 5.33, 5.34 and
5.35, 5.36, 5.37 and 5.38 and the exergy flows of the stream are in the Appendix Table
A.2, Table A.2 and Table C.2.

Specifications Helium process Hydrogen process Nelium process
Ref turbines 0.992 0.795 0.833
Ref compressors 1.184 1.024 1.095
Ref coolers 0.878 0.841 0.447
BOG compressors 0.287 0.373 0.306
BOG coolers 0.162 0.271 0.173
Heat exchangers 0.871 0.826 1.202
JT valve 0.056 0.114 0.080
Cumulative 4.430 4.244 4.136

Table 5.31: Comparison of specific irreversibilities for different parts of the process in kWhkg−1

of liquid hydrogen

As seen from Figure 5.15, the largest exergy destruction is related to heat exchangers and
refrigerant compressors. Nelium cycle has the largest exergy destruction related to heat
exchangers. Probably, the main reason for this is that the result is based only on the trial
and error approach. Therefore, the fit between the hot and cold composite curves is the
worst. This means that the nelium refrigeration cycle even in the existing form has a
larger room for improvements in comparison to helium and hydrogen refrigeration cycles.
However, according to the results for individual heat exchanger, the largest amount of
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Figure 5.15: Comparison of irreversibilities for all three different parts of the process

exergy destruction comes from cooling in the heat exchanger HX-2 where the refrigerant
is cooled from the ambient temperature. This means that it is possible to significantly
improve the process by implementing the precooling cycle, and this is valid for every
alternative.

On the other side, for the processes with helium refrigerant and hydrogen refrigerant, the
largest irreversibilities are related to refrigerant compressors and coolers and refrigerant
turbines. To reduce the irreversibilities in the refrigerant compressors, it is necessary to
increase the efficiency of the compressors. For coolers, it would be possible to reduce
irreversibilities by using heat from the refrigerant to warm up water needed for district
heating, but the system would become more complex and for a limited scale, it is most
likely not viable. On the other side, an example of an alternative way of irreversibility
reduction would be to lower the temperature of an inlet to the first stage of hydrogen and
helium compressors, thus reducing irreversibilities. This would be particularly effective
for helium compression because it would be possible to use just one compressor stage in-
stead of two. The reason behind this is that oil-screw compressors can have a significantly
higher-pressure ratio. However, in this case, compression work would be higher and it is
questionable, whether the benefits would outweigh the drawbacks. Anyway, this kind of
challenge should be left to a detailed design study, which needs to be done for every real
case separately. On the other side, exergy destruction related to turbine expanders would
be lower, if the produced energy from the expanders would be used. However, in this case,
it would be necessary to use the turbo compound engine, but this is most likely feasible
only for large amounts of boil-off gas, and this should also part of the detailed design.

It can be observed that utilizing at the same time hydrogen boil-off gas compression and
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coolers are not related to significant irreversibilities. The main reason for this is that hy-
drogen boil-off gas mass flow is significantly lower than refrigerant. The second reason is
that the outlet pressure after the compression train is not very high. However, hydrogen
boil-off gas compression has an indirect impact also on other components. Therefore, it is
important to develop more efficient ways of hydrogen compression, which would possibly
reduce irreversibilities.

5.5 Comparison of processes
To summarize results, in these section key performance indicators and process flow dia-
grams with the most important temperatures, pressure and mass flows are presented. Only
process flow diagrams of alternatives with the Joule-Thomson valve are provided, while
key performance indicators of all options are given in Table 5.32. Furthermore, data of
the three alternatives with pressures, temperatures and mass flows of main streams are
presented in Figures 5.16, 5.17, 5.18. In the end, there are data on selected crucial compo-
nents for every of the main three cases with the Joule-Thomson valve. Key performance
indicators are stated for every compressor stage, turbine expander, Joule-Thomson valve,
and, the last but not the least, heat exchangers. Data for heat exchangers are given in Table
5.33 to 5.34 and 5.35. For compressors, data is given in Tables 5.36, 5.37 and 5.38.

Specifications Helium process Hydrogen process Nelium process
Joule-Thomson valve without utilization

SEC [kW h kg−1] 6.528 6.337 6.222
ψ [%] 31.8 32.8 33.4

Joule-Thomson valve with utilization
SEC [kW h kg−1] 6.317 6.140 6.043
ψ [%] 32.9 33.9 34.4

Liquid expander without utilization
SEC [kW h kg−1] 6.343 6.123 6.027
ψ [%] 32.8 33.9 34.5

Liquid expander with utilization
SEC [kW h kg−1] 6.134 5.927 5.850
ψ [%] 33.9 35.0 35.5

Table 5.32: Comparison of specific energy consumption and exergy efficiencies of all alternatives

As seen from Table 5.32, the most efficient process for all alternatives is the nelium pro-
cess, and even this one has still significant room for improvement especially related to
heat exchangers, as discussed in the Exergy analysis part. On the other side, the hydrogen
refrigerant process is more efficient than the one with helium as a refrigerant. From the
energy point of view, it is beneficial to utilize generated power from turbine expanders, but
in reality, this depends on the economic analysis. On the other side, the usage of turbine
liquid expanders instead of the Joule-Thomson valve is beneficial from the energy point of
view. However, there have yet to be developed liquid expanders for liquid hydrogen, and
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at this point, this would be simply too expensive. Furthermore, the benefits in BOG reliq-
uefaction are smaller than for hydrogen liquefaction processes due to the lower pressure
of hydrogen feed. This means that at this point it is most likely not economically viable to
use liquid expanders at all, but this might change in the future with standardization of the
liquid expanders for pure hydrogen. Even more: if hydrogen compression becomes more
efficient, it will be even more beneficial to increase pressure in the BOG reliquefaction
cycles.

Figure 5.16: Helium refrigeration cycle process flow diagram with pressures, temperatures and mass
flows of main streams

Tables for heat exchangers are Table 5.33 to 5.34 and 5.35. For compressors Tables 5.36,
5.37 and 5.38. For compressors, it is worth noticing that for nelium process the number
of required compressors is significantly larger than for helium and hydrogen. This means
that, several compressor stages are needed increasing investment costs and also operational
costs. On the other side, it is important to emphasize that only one helium compressor stage
could be used instead of two. This would reduce investment costs and also operational cost.
In general for compression, there are only three different compressors; piston compressors,
oil-screw compressors and turbo compressors. While, piston compressors are state of the
art component for hydrogen compression and oil-screw compressors are state of the art
component for helium compression, turbo compressors are relatively expensive to use with
mixtures of helium and neon. In comparison liquid neon is significantly more expensive
than helium, but they are both significantly more expensive than hydrogen and also harder
to get. Therefore, it seems that hydrogen process is the best option. From heat exchangers
results it is possible to see that high HX-1 and HX-2 have significantly higher UA product,
which determines the size based on the fluid properties. In this case, it is necessary to do
a detail design of all heat exchangers to estimate cost of these processes.
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Figure 5.17: Hydrogen refrigeration cycle process flow diagram with pressures, temperatures and
mass flows of main streams

Figure 5.18: Nelium refrigeration cycle process flow diagram with pressures, temperatures and mass
flows of main streams
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Specification HX-1 HX-2 HX-3 HX-4
Type PFHX PFHX PFHX PFHX
No. Sides 2 3 3 2
LMTD [K] 1.9 2.1 1.9 1.7
UA [kW K−1] 135.5 639.4 19.1 2.4
ΔTmin [K] 1.5 0.5 0.5 0.5
Q[kW] 262.6 1318.0 36.9 4.1
ψ [percent] 92.0 93.8 87.3 79.9
Ėxdest[kW] 25.0 123.9 44.8 10.3

Table 5.33: Heat exchangers for the process with helium refrigerant.

Specification HX-1 HX-2 HX-3 HX-4
Type PFHX PFHX PFHX PFHX
No. Sides 2.0 3.0 4.0 2.0
LMTD [K] 2.2 2.9 2.0 1.7
UA [kW K−1] 127.8 376.4 31.2 25.9
ΔTmin [K] 1.5 2.0 0.5 0.5
Q[kW] 280.1 1105.9 62.6 42.9
ψ [percent] 89.4 91.0 89.6 89.3
Ėxdest[kW] 35.9 90.1 30.0 37.6

Table 5.34: Heat exchangers for the process with hydrogen refrigerant

Specification HX-1 HX-2 HX-3 HX-4
Type PFHX PFHX PFHX PFHX
No. Sides 2 3 3 2
LMTD 1.9 2.5 1.8 1.0
UA [kW K−1] 144.6 554.7 38.5 1.5
ΔTmin [K] 1.5 1.4 0.6 0.5
Q[kW] 280.9 1398.6 70.6 1.5
ψ [percent] 91.9 91.7 90.0 59.1
Ėxdest[kW] 27.6 175.7 68.4 9.9

Table 5.35: Heat exchangers for the process with nelium refrigerant

Specification K-101 K-102 K-103 K-104 K-105
Fluid Hydrogen Hydrogen Hydrogen Helium Helium
Type Piston Piston Piston Oil-screw Oil-screw
P [kW] 93.4 94.0 94.2 620.2 627.6
ṁ [kg h−1] 260.2 260.2 260.2 3573.6 3573.6
ψ [%] 76.1 76.2 76.2 77.7 77.9
Ėxdest[kW] 22.4 22.4 22.4 138.3 139.0

Table 5.36: Compressors for the process with helium refrigerant
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Specification K-101 K-102 K-103 K-104 K-105
Fluid Hydrogen Hydrogen Hydrogen Hydrogen Hydrogen
Type Piston Piston Piston Piston Piston
P [kW] 128.9 129.8 130.3 363.4 732.9
ṁ [kg h−1] 276.9 276.9 276.9 687.6 1375.0
ψ [%] 77.4 77.6 77.6 78.3 78.3
Ėxdest[kW] 29.1 29.1 29.2 79.0 158.7

Table 5.37: Compressors for the process with hydrogen refrigerant

Unit Fluid Type P [kW] ṁ [kg h−1] ψ [%] Ėxdest[kW]
K-101 Hydrogen Piston 99.7 277.7 76.1 23.9
K-102 Hydrogen Piston 100.3 277.7 76.2 23.9
K-103 Hydrogen Piston 100.5 277.7 76.6 23.9
K-104 nelium Turbo 230.1 6834.0 77.7 51.3
K-105 nelium Turbo 231.7 6834.0 77.9 51.3
K-106 nelium Turbo 231.7 6834.0 77.9 51.3
K-107 nelium Turbo 231.7 6834.0 77.9 51.3
K-108 nelium Turbo 231.7 6834.0 77.9 51.3

Table 5.38: Compressors for the process with nelium refrigerant

Specifications EXP-101 EXP-102 JT valve
Fluid Helium Helium Hydrogen
P [kW] 38.6 23.3 \
Polytropic η 77.6 78.2 \
ṁ [kg h−1] 3573.6 3573.6 260.2
ψ [%] 28.1 24.4 98.4
Ėxdest[kW] 137.0 95.5 13.1

Table 5.39: The Turbine expanders and the Joule-Thomson valve for the process with helium re-
frigerant

Specifications EXP-101 EXP-102 JT valve
Fluid Hydrogen Hydrogen Hydrogen
P [kW] 31.0 26.8 \
Polytropic η 76.8 76.8 \
ṁ [kg h−1] 687.6 687.6 276.9
ψ [%] 40.7 35.2 96.9
Ėxdest[kW] 76.2 103.3 26.6

Table 5.40: The Turbine expanders and the Joule-Thomson valve for the process with hydrogen
refrigerant
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Specifications EXP-101 EXP-102 JT valve
Fluid Nelium Nelium Hydrogen
P [kW] 33.3 19.0 \
Polytropic η 77.9 79.4 \
ṁ 6834.0 6834.0 277.7
ψ [%] 28.6 26.2 97.8
Ėxdest[kW] 116.2 72.7 18.7

Table 5.41: The Turbine expanders and the Joule-Thomson valve for the process with nelium re-
frigerant
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Chapter 6
Conclusion

In this master’s thesis, based on preliminary elimination, three alternative processes for
hydrogen boil-off gas reliquefaction were simulated, analyzed, and compared. These se-
lected processes, helium Brayton refrigeration cycle with two helium turbine expanders,
hydrogen Claude refrigeration cycle with two hydrogen expanders, and Brayton refriger-
ation cycle with two expanders for the mixture of helium and neon called ”nelium”, are
considered the most promising basic concepts. While the simulation analysis was focused
on lowering energy consumption, the relevant theoretical framework is laid out, the liter-
ature overview is presented, and practical implementation aspects are considered beyond
this analytical goal.

From an exclusively energy related perspective, the Brayton refrigeration process involv-
ing nelium proves to be the most efficient option for hydrogen boil-off gas reliquefaction.
In the version with using the Joule-Thomson valve, the specific energy consumption is
6.222 kW h kg−1 and exergy efficiency of 33.4 %. The second most efficient option is the
hydrogen Claude refrigeration cycle, with 6.337 kW h kg−1 and an exergy efficiency of
32.8 %. The least efficient among three options considered is the helium reverse Brayton
refrigeration process, with 6.528 kW h kg−1 and exergy efficiency of 33.4 %.

These results, however, should be taken as first assessment values only within the spe-
cific context of the relevant assumptions. The results also present numerous uncertainties.
The main uncertainties are connected to compressor and turbine expander efficiencies.
Furthermore, results are obtained through equations of state that require verification and
validation. Energy consumption is not the only relevant key performance indicator, and it
is also unlikely to be the most important one. Energy efficiency must be weighted with
investment efficiency, but this ambitious task was not possible within this master thesis
due to the many uncertainties that need to be addressed in a detailed study. Regardless,
this thesis provides a systematic approach to energy efficiency evaluation of optional solu-
tions for the increasingly relevant BOG challenge. Moreover, the thesis provides a helpful
framework for open issues to be considered for a possible detailed study and economic
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analysis.

One of the most interesting conclusions based on the results is that, theoretically, it is not
beneficial to compress hydrogen boil-off gas prior the reliquefaction cycle, specifically in
cases involving state of the art hydrogen compressors. This is due to a relatively low effi-
ciency of hydrogen compression in piston compressors. Based on the simulation, certain
pressure increases were beneficial, but these values were still significantly lower than for
most hydrogen liquefaction processes with pressure at the inlet of refrigeration process,
from around 21 bar and up to 80 bar. Compression work in these cases is usually smaller
because natural gas steam reforming, autothermal reforming, and electrolysis, the most
common ways of producing hydrogen, all deliver hydrogen at elevated pressures. It is also
important to emphasize that specific energy consumption for these liquefaction processes
is calculated without necessary hydrogen compression.

An important goal of this thesis was to estimate whether it is beneficial to implement the
liquid turbine expander instead of the Joule-Thomson valve. Based on the results obtained,
it can be concluded that the difference in the ratio between the gas and liquid phase was not
substantial at the combination of a relatively low pressure of compressed hydrogen boil-off
and the temperatures needed to reliquefy a sufficient part of the boil-off gas. Furthermore,
liquid expanders for hydrogen are not yet standardized components, and they are not only
much more expensive, but also more complex to operate. Therefore, at this moment,
processes with liquid expanders are not believed to be economically viable. However, this
may change in the future with emerging new technologies.

From exergy analysis, it was concluded that potential precooling cycles could significantly
improve the performance of these processes. However, these precooling processes were
not included in the simulations as their feasibility depends strongly on investment and op-
erational cost, availability of industrial gases, utilities, and other factors that are beyond
the scope of this master thesis. From the exergy analysis, it was also concluded that the
nelium cycle has the largest exergy destruction related to heat exchangers. The most prob-
able reason for this is that the result is based only on a trial and error approach. Therefore,
the fit between the hot and cold composite curves is the worst. This means that the nelium
refrigeration cycle even in the existing form has significant room for improvement, which
is not the case for helium and hydrogen processes.

Although the economic analysis was not done within this thesis, it is important to em-
phasize that the nelium mixed refrigerant process has the largest number of required com-
pressors. This is to say that several compressor stages are needed, leading to increased
investment and operational costs. It is important to emphasize, however, that a single
helium compressor stage could be used instead of two. This would potentially reduce in-
vestment costs. Another important aspect is the price of these refrigerants. While liquid
neon is more expensive than helium, they are both significantly more expensive than hy-
drogen because of their relative rarity. Therefore, it seems that the hydrogen process may
be the best value-for-money option. In general, hydrogen liquefaction processes require
larger investment costs, but they have lower operational costs in comparison to helium
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liquefaction processes.

Based on the results from this thesis, it is not possible to simply conclude which are the
best options for BOG reliquefaction, because this strongly depends on a variety of factors
including the different applications, the liquid hydrogen market, prices of electricity and
natural gas, available utilities at the location, available space, among others. However, it
is possible to present some guidelines. For example, for large scale storage tanks, it is
appropriate to use the hydrogen Claude refrigeration process or mixed refrigerant Brayton
refrigeration process with neon and helium as a mixture. Perhaps soon hydrogen should
also be included within this mix. For small scale storage tanks that require boil-off gas
reliquefaction, the helium cycle is the best option with the lowest investment costs, the
lowest number of equipment and with less complex safety measures in comparison to
hydrogen.

The topic of this thesis is boil-off gas handling, therefore it is necessary to consider also
other possibilities besides reliquefaction. Which option is the best for any given situa-
tion depends mostly on the price of hydrogen in comparison to electricity and natural gas
prices. If hydrogen price is significantly higher than electricity and natural gas, it is likely
a better option to reliquefy boil-off gas. If the difference is smaller, however, it should be
primarily utilized only if there are available consumers for hydrogen itself or for electric
and heat energy. At the moment, it is believed that the best way to handle hydrogen BOG
at large receiving terminals is to use a combination of refrigeration cycles with hydrogen
or mixed refrigerant with potential precooling of liquid nitrogen or LNG or similar as well
as a heat generation and power system on-site, via fuel cells. In the future, as the number
of pipeline networks connected to these receiving terminals increases, and if there is clear
demand, the easiest way to handle BOG may be to send it directly through the pipeline
to the consumers. In the small-sized receiving terminals, the best primary option is to
use fuel cells to generate power on-site, with the best additional option would be to use a
simpler reverse Brayton helium refrigeration cycle to reliquefy boil-off gas. If liquid hy-
drogen carriers can utilize BOG, a less complex reliquefaction cycle can then be used. If,
though, the carriers use other fuel for propulsion and ancillary services, the more complex
reliquefaction cycle needs to be installed. For other vehicles such as trains, buses, and
trucks, it would hardly be feasible to use any BOG handling systems. In this case, BOG
should be exchanged at hydrogen stations and different reliquefaction cycles or utilization
alternatives should be designed there to handle BOG, depending, of course, on the size
and demand for hydrogen gas in the area.

The addressed research topic is interesting, indisputably relevant, applicable, complex,
and challenging – from both a research and industry perspective. While research typically
opens more questions than provides definite answers, this thesis hopefully also provides
some useful insights for future research steps.
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Chapter 7
Proposal for future research

At this point, there is a scarcity of research focused on hydrogen boil-off gas. This can
partially be explained by only relatively small liquid hydrogen plants currently being in
operation. However, this is likely to change soon as the public, industry, and research
community are intensively searching for the best options to answer looming eco-energy
challenges.

Within the scope of this thesis and design, certain topics could not be covered and, thus,
future work is needed. Foremost among these topics, it is crucially important to verify
and validate thermodynamic data obtained from Aspen HYSYS software with the thermo-
dynamic library called ThermoPack from SINTEF resarch organization. It is especially
important to verify which equations of state give results with enough accuracy to feasibly
be used in process simulation design and optimization.

Furthermore, while this thesis does not provide an economic assessment of design options,
it covers an important research aspect that should be addressed in the future. For this step,
a detailed design of the entire process equipment is necessary, as well as detailed studies
of all main process components. These include oil-screw compressors, which, in this case,
it is particularly important to investigate the influence on performance by fluid properties,
such as temperature, pressure, and mass flows , and so on. Additionally, the same inves-
tigative studies need to be done for the performance of hydrogen piston compressors and
turbo compressor under different concentrations of mixtures of helium, neon, and hydro-
gen with changing fluid properties, heat exchangers, turbines and air or water coolers. All
these details are also necessary to provide a relevant cost analysis. While this thesis pro-
vides general concepts and a systematic assessment of their energy efficiency, cost analysis
should be based on specific equipment options. Even if, in general, more expensive equip-
ment is expected to yield better energetic results, the relevant question for the industry is
marginal investment analysis, when additional investment outweighs additional financial
savings from a better and more expensive design setting. In this view, the detailed design
must assess the specific contribution in the energy efficiency of each element versus its
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financial cost in terms of procurement and the whole life cycle expenses.

Different reliquefaction concepts must be developed for different specific needs, such as
different sizes of reservoir tanks, different applications such as storage tanks at the re-
ceiving terminals, liquid hydrogen carriers, and so on. It is very important to dedicate
research to the influence of different sizes, shapes, and other properties of storage tanks
on the amount of boil-off gas. Also, ambient conditions influencing boil-off gas must be
considered. Properties of equilibrium boil-off gas differ, e.g. from the reservoir tank, and
this further changes energy consumption of the process.

This thesis provides general concepts and their analysis as needed for general compar-
isons. For this purpose, the applied simulation algorithms served well. In future research,
it is necessary to develop and implement more sophisticated algorithms in an external nu-
merical computing environment to optimize these processes for every process application
and concept.

It was not part of this thesis, but it is both interesting and necessary to futurely develop
and analyze the reliquefaction process with the mixed refrigerant of neon, hydrogen, and
helium, to explore mixtures, and to give best results from energy and economic point
of view. There are still uncertainties regarding the performance of turbo compressors
in the case of mixtures, and also in the conditions when it would be beneficial to use
them. Regarding hydrogen boil-off gas, the possibility of additional buffer tanks should
be explored, as short-term storage options for boil-off gas could be a promising research
field with important practical implementation consequences. These buffer tanks should be
able to stand higher pressures, so that hydrogen boil-off gas compression would not be so
energy-intensive to reliquefy boil-off.

Another important research aspect outside the scope of this thesis is the development of
the precooling process concepts for reservoir tanks at receiving terminals, liquid hydrogen
carriers, and hydrogen filling stations. These are all likely to be the only viable alternatives
where boil-off gas reliquefaction processes are feasible. In this case, it is important to
consider which compounds are available and suitable for different alternatives.

In the end, it is important to stress that all applications of possible BOG handling must
be systematically reviewed and addressed in the research and development field. In this
thesis, the focus was solely on the BOG total reliquefaction process, but other alternatives
must be considered systematically and comparably, including heat and power generation
in fuel cells, partial reliquefaction, which is the case for LOPEX process from Linde, and
other options.

This thesis addresses a small subset of the relevant research questions from the field of
BOG and its reliquefaction, but this is a promising and rich scientific area, and future
intensive activities and advances can be expected.
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Appendix A
Helium reverse Brayton cycle

Parameter Value Unit
Hydrogen boil-off gas
Reservoir volume 40 000 m3

Boil-off rate 0.2 % d−1

Storage pressure 1.16 bar
Starting temperature -235 ◦C
Mass flow 234.2 kg h−1

Para-hydrogen concentration 100 mol %
Expander isentropic efficiency 80 %
Piston compressor adiabatic efficiency 70 %
Pressure drop in a heat exchanger 1.6 %
Pressure drop in an inter/aftercooler 1 %
Helium refrigerant
Expander isentropic efficiency 80 %
Oil-screw helium compressor adiabatic efficiency 70 %
Pressure drop in a heat exchanger 0.1 bar

Table A.1: Reverse helium Brayton assumptions
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Stream No. T [◦C] p [kPa] ṁ [kg h−1] h [kJ kg−1] s [kJ kg−1 K] Ėx [kW]
BOG -252.4 116.0 0.0 192.0 29.6 0.0
H-1 -252.4 116.0 234.2 192.0 29.6 399.4
H-2 -235.0 116.0 234.2 385.1 36.4 284.4
H-3 -236.5 116.0 260.2 368.7 35.9 323.9
H-4 13.5 114.1 260.2 4001.0 63.6 10.3
H-5 101.3 228.3 260.2 5293.5 64.7 81.3
H-6 15.0 226.0 260.2 4023.9 60.9 69.0
H-7 103.3 452.0 260.2 5324.5 61.9 140.6
H-8 15.0 447.5 260.2 4025.0 58.1 127.8
H-9 103.3 895.0 260.2 5327.9 59.1 199.5
H-10 15.0 886.0 260.2 4027.0 55.2 186.7
H-11 -229.4 871.9 260.2 394.6 28.8 475.4
H-12 -237.1 857.9 260.2 292.0 26.2 520.7
H-13 -245.0 844.2 260.2 -150.1 11.9 787.8
H-14 -248.9 830.7 260.2 -207.0 9.7 828.7
H-15 -252.4 116.0 260.2 -207.0 10.3 815.6
H-16 -252.4 116.0 234.3 -251.2 8.2 771.4
H-17 -252.4 116.0 25.9 192.0 29.6 44.2
H-18 -250.0 116.0 25.9 220.9 30.9 41.7
H-RCY -250.0 116.0 26.0 220.9 30.9 41.8
He-1 13.0 970.0 3573.6 1489.0 24.7 1344.7
He-2 132.8 1843.0 3573.6 2113.8 25.2 1826.6
He-3 15.0 1833.0 3573.6 1502.2 23.4 1725.3
He-4 135.8 3482.7 3573.6 2134.4 23.9 2213.9
He-5 15.0 3472.7 3573.6 1507.5 22.1 2109.5
He-6 -237.1 3462.7 3573.6 187.3 11.1 3941.3
He-7 -244.1 1731.3 3573.6 148.4 11.4 3804.4
He-8 -245.0 1721.3 3573.6 143.4 11.3 3846.0
He-10 -249.4 1000.0 3573.6 119.9 11.5 3750.5
He-11 -248.7 990.0 3573.6 124.1 11.7 3699.3
He-12 -241.9 980.0 3573.6 161.3 13.1 3345.8

Table A.2: Material balance with exergy flows for helium refrigeration process with the Joule-
Thomson valve
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Stream No. T [◦C] p [kPa] ṁ [kg h−1] h [kJ kg−1] s [kJ kg−1 K] Ėx [kW]
H-1 -252.4 116.0 234.2 192.0 29.6 399.4
H-2 -235.0 116.0 234.2 385.1 36.4 284.4
H-3 -236.3 116.0 256.3 370.9 36.0 317.9
H-4 13.5 114.1 256.3 4001.0 63.6 10.1
H-5 101.3 228.3 256.3 5293.5 64.7 80.1
H-6 15.0 226.0 256.3 4023.9 60.9 68.0
H-7 103.3 452.0 256.3 5324.5 61.9 138.5
H-8 15.0 447.5 256.3 4025.0 58.1 125.9
H-9 103.3 895.0 256.3 5327.9 59.1 196.5
H-10 15.0 886.0 256.3 4027.0 55.2 183.9
H-11 -229.2 871.9 256.3 396.9 28.8 467.3
H-12 -237.0 857.9 256.3 293.2 26.3 512.2
H-13 -244.5 844.2 256.3 -141.6 12.2 770.3
H-14 -248.5 830.7 256.3 -202.1 9.9 812.3
H-15 -252.4 116.0 256.3 -213.1 10.0 808.8
H-16 -252.4 116.0 234.2 -251.2 8.2 771.2
H-17 -252.4 116.0 22.0 192.0 29.6 37.6
H-18 -250.0 116.0 22.0 220.9 30.9 35.4
H-RCY -250.0 116.0 22.1 220.9 30.9 35.5
He-1 13.0 970.0 3460.6 1489.0 24.7 1302.2
He-2 132.8 1843.0 3460.6 2113.8 25.2 1768.9
He-3 15.0 1833.0 3460.6 1502.2 23.4 1670.7
He-4 135.8 3482.7 3460.6 2134.4 23.9 2143.9
He-5 15.0 3472.7 3460.6 1507.5 22.1 2042.8
He-6 -237.0 3462.7 3460.6 187.7 11.1 3813.6
He-7 -244.0 1731.3 3460.6 148.8 11.4 3680.9
He-8 -244.5 1721.3 3460.6 146.0 11.4 3701.4
He-10 -249.0 1000.0 3460.6 122.1 11.6 3608.5
He-11 -248.2 990.0 3460.6 126.6 11.8 3556.3
He-12 -241.8 980.0 3460.6 161.6 13.1 3237.5

Table A.3: Material balance with exergy flows for helium refrigeration process with the liquid
turbine expander
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Figure A.1: Simplified process flow diagram for the simulation of helium reverse Brayton process
with the Joule-Thomson valve
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Figure A.2: Simplified process flow diagram for the simulation of helium reverse Brayton process
with the liquid expander
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(a) Heating curves for the first heat exchanger HX-1

(b) Heating curves for the second heat exchanger HX-2

Figure A.3: Heating curves for the first and second heat exchanger for the first simulation result of
helium reverse Brayton cycle with the Joule-Thomson valve.
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(a) Heating curves for the third heat exchanger HX-3

(b) Heating curves for the last heat exchanger HX-4

Figure A.4: Heating curves for the third and fourth heat exchanger for the first simulation result of
helium reverse Brayton cycle with the Joule-Thomson valve.

97



(a) Heating curves for the first heat exchanger HX-1

(b) Heating curves for the second heat exchanger HX-2

Figure A.5: Heating curves for the first and second heat exchanger for the best simulation result of
helium reverse Brayton cycle with the Joule-Thomson valve.

98



(a) Heating curves for the third heat exchanger HX-3

(b) Heating curves for the last heat exchanger HX-4

Figure A.6: Heating curves for the third and fourth heat exchanger for the best simulation result of
helium reverse Brayton cycle with the Joule-Thomson valve.
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Appendix B
Hydrogen Claude process

Parameter Value Unit
Hydrogen boil-off gas
Reservoir volume 40 000 m3

Boil-off rate 0.2 % d−1

Storage pressure 1.16 bar
Starting temperature -235 ◦C
Mass flow 234.2 kg h−1

Para-hydrogen concentration 100 mol %
Expander isentropic efficiency 80 %
Hydrogen piston compressor adiabatic efficiency 70 %
Pressure drop in a heat exchanger 1.6 %
Pressure drop in an inter/aftercooler 1 %
Hydrogen refrigerant
Expander isentropic efficiency 80 %
Hydrogen piston compressor adiabatic efficiency 70 %
Pressure drop in a heat exchanger 1.6 %
Pressure drop in an inter/aftercooler 1 %

Table B.1: Hydrogen Claude refrigeration cycle assumptions
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Stream No. T [◦C] p [kPa] ṁ [kg h−1] h [kJ kg−1] s [kJ kg−1 K] Ėx [kW]
BOG -252.4 116.0 0.0 192.0 29.6 0.0
H-1 -252.4 116.0 234.2 192.0 29.6 399.4
H-2 -235.0 116.0 234.2 385.1 36.4 284.4
H-3 -237.4 116.0 276.9 359.8 35.7 349.4
H-4 13.5 114.1 276.9 4001.0 63.6 10.9
H-5 127.6 273.9 276.9 5677.5 64.9 110.8
H-6 15.0 271.2 276.9 4024.1 60.1 90.1
H-7 129.8 650.9 276.9 5711.9 61.4 190.8
H-8 15.0 644.4 276.9 4025.9 56.5 169.4
H-9 129.9 1546.5 276.9 5719.4 57.9 270.5
H-10 15.0 1531.1 276.9 4030.0 53.0 249.0
H-11 -226.6 1506.6 276.9 388.8 26.7 551.7
H-12 -227.7 1482.5 276.9 374.8 26.4 556.1
H-13 -247.3 1458.7 276.9 -183.2 10.3 870.8
H-14 -252.4 116.0 276.9 -183.2 11.5 844.2
H-15 -252.4 116.0 234.4 -251.3 8.2 771.7
H-16 -252.4 116.0 42.5 192.0 29.6 72.5
H-17 -250.0 116.0 42.5 220.9 30.9 68.4
H-RCY -250.0 116.0 42.7 220.9 30.9 68.6
Hyd-1 13.0 333.5 687.6 4023.8 65.0 270.8
Hyd-2 144.7 883.7 687.6 5926.2 66.4 555.2
Hyd-3 15.0 874.9 687.6 4054.9 61.1 490.5
Hyd-4 13.0 855.6 687.6 4026.2 61.1 485.4
Hyd-5 14.0 855.6 1375.2 4040.5 61.2 970.8
Hyd-6 146.3 2267.4 1375.2 5959.1 62.6 1545.0
Hyd-7 15.0 2244.8 1375.2 4061.3 57.2 1412.6
Hyd-8 -204.2 2208.8 1375.2 1166.2 38.9 2324.0
Hyd-9 -204.2 2208.8 687.6 1166.2 38.9 1162.0
Hyd-10 -204.2 2208.8 687.6 1166.2 38.9 1162.0
Hyd-11 -222.0 883.7 687.6 1003.9 39.7 1085.8
Hyd-12 -227.7 2173.5 687.6 844.3 33.2 1415.4
Hyd-13 -247.8 350.0 687.6 703.7 34.6 1312.1
Hyd-14 -231.4 344.4 687.6 928.4 41.8 959.8
Hyd-15 -211.9 338.9 687.6 1140.0 46.0 767.4
Hyd-16 -211.9 869.5 687.6 1119.9 41.9 990.4

Table B.2: Material balance with exergy flows for hydrogen refrigeration process with the Joule-
Thomson valve
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Stream No. T [◦C] p [kPa] ṁ [kg h−1] h [kJ kg−1] s [kJ kg−1 K] Ėx [kW]
BOG -252.4 116.0 0.0 192.0 29.6 0.0
H-1 -252.4 116.0 234.2 192.0 29.6 399.4
H-2 -235.0 116.0 234.2 385.1 36.4 284.4
H-3 -236.7 116.0 262.8 367.2 35.9 327.8
H-4 13.5 114.1 262.8 4001.0 63.6 10.4
H-5 127.6 273.9 262.8 5677.5 64.9 105.1
H-6 15.0 271.2 262.8 4024.1 60.1 85.5
H-7 129.8 650.9 262.8 5711.9 61.4 181.1
H-8 15.0 644.4 262.8 4025.9 56.5 160.8
H-9 129.9 1546.5 262.8 5719.4 57.9 256.7
H-10 15.0 1531.1 262.8 4030.0 53.0 236.3
H-11 -226.1 1506.6 262.8 396.2 26.8 520.8
H-12 -228.1 1482.5 262.8 369.4 26.3 529.8
H-13 -247.3 1458.7 262.8 -183.1 10.3 826.4
H-14 -252.4 116.0 262.8 -203.1 10.5 819.8
H-15 -252.4 116.0 234.2 -251.2 8.2 771.2
H-16 -252.4 116.0 28.5 192.0 29.6 48.7
H-17 -250.0 116.0 28.5 220.9 30.9 45.9
H-RCY -250.0 116.0 28.6 220.9 30.9 45.9
Hyd-1 13.0 333.5 667.9 4023.8 65.0 263.1
Hyd-2 144.7 883.7 667.9 5926.2 66.4 539.3
Hyd-3 15.0 874.9 667.9 4054.9 61.1 476.5
Hyd-4 13.0 855.6 667.9 4026.2 61.1 471.6
Hyd-5 14.0 855.6 1335.9 4040.5 61.2 943.1
Hyd-6 146.3 2267.4 1335.9 5959.1 62.6 1500.9
Hyd-7 15.0 2244.8 1335.9 4061.3 57.2 1372.2
Hyd-8 -204.2 2208.8 1335.9 1166.0 38.9 2257.8
Hyd-9 -204.2 2208.8 667.9 1166.0 38.9 1128.9
Hyd-10 -204.2 2208.8 667.9 1166.0 38.9 1128.9
Hyd-11 -222.0 883.7 667.9 1003.7 39.7 1054.9
Hyd-12 -228.1 2173.5 667.9 837.7 33.0 1381.5
Hyd-13 -247.8 350.0 667.9 699.5 34.4 1282.9
Hyd-14 -232.5 344.4 667.9 916.8 41.5 945.2
Hyd-15 -212.0 338.9 667.9 1139.8 46.0 745.6
Hyd-16 -212.0 869.5 667.9 1119.7 41.9 962.2

Table B.3: Material balance with exergy flows for hydrogen refrigeration process with the liquid
turbine expander
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Figure B.1: Simplified process flow diagram for the simulation of hydrogen Claude process with
the Joule-Thomson valve
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Figure B.2: Simplified process flow diagram for the simulation of hydrogen Claude process with
the liquid expander
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(a) Heating curves for the first heat exchanger HX-1

(b) Heating curves for the second heat exchanger HX-2

Figure B.3: Heating curves for the first and second heat exchanger for the hydrogen Claude process
with the Joule-Thomson valve
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(a) Heating curves for the third heat exchanger HX-3

(b) Heating curves for the last heat exchanger HX-4

Figure B.4: Heating curves for the third and fourth heat exchanger for the hydrogen Claude process
with the Joule-Thomson valve
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Appendix C
Nelium reverse Brayton cycle

Parameter Value Unit
Hydrogen boil-off gas
Reservoir volume 40 000 m3

Boil-off rate 0.2 % d−1

Storage pressure 1.16 bar
Starting temperature -235 ◦C
Mass flow 234.2 kg h−1

Para-hydrogen concentration 100 mol %
Expander isentropic efficiency 80 %
Hydrogen piston compressor adiabatic efficiency 70 %
Pressure drop in a heat exchanger 1.6 %
Pressure drop in an inter/aftercooler 1 %
Mixed refrigerant
Expander isentropic efficiency 80 %
Mixed refrigerant turbo compressor adiabatic efficiency 75 %
Helium and neon mole concentrations 80-20 %
Pressure drop in a heat exchanger 0.12 bar

Table C.1: Mixed refrigerant reverse Brayton cycle assumptions
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Stream No. T [◦C] p [kPa] ṁ [kg h−1] h [kJ kg−1] s [kJ kg−1 K] Ėx [kW]
BOG -252.4 116.0 0.0 192.0 29.6 0.0
H-1 -252.4 116.0 234.2 192.0 29.6 399.4
H-2 -235.0 116.0 234.2 385.1 36.4 284.4
H-3 -237.4 116.0 277.7 359.4 35.7 350.7
H-4 13.5 114.1 277.7 4001.0 63.6 11.0
H-5 101.3 228.3 277.7 5293.5 64.7 86.8
H-6 15.0 226.0 277.7 4023.9 60.9 73.6
H-7 103.3 452.0 277.7 5324.5 61.9 150.1
H-8 15.0 447.5 277.7 4025.0 58.1 136.4
H-9 103.3 895.0 277.7 5327.9 59.1 213.0
H-10 15.0 886.0 277.7 4027.0 55.2 199.3
H-11 -230.2 871.9 277.7 385.3 28.5 511.4
H-12 -235.8 857.9 277.7 311.9 26.8 545.2
H-13 -245.7 844.2 277.7 -162.6 11.4 849.8
H-14 -247.0 830.7 277.7 -181.9 10.7 864.1
H-15 -252.4 116.0 277.7 -181.9 11.6 845.4
H-16 -252.4 116.0 234.2 -251.3 8.2 771.3
H-17 -252.4 116.0 43.4 192.0 29.6 74.1
H-18 -250.0 116.0 43.4 220.9 30.9 69.9
H-RCY -250.0 116.0 43.5 220.9 30.9 69.9
HeNe-1 13.0 664.0 6833.6 -35.0 10.4 1181.1
HeNe-2 55.2 863.2 6833.6 86.2 10.5 1359.9
HeNe-3 15.0 851.2 6833.6 -29.4 10.1 1337.1
HeNe-4 57.5 1106.6 6833.6 92.6 10.2 1517.5
HeNe-5 15.0 1094.6 6833.6 -29.6 9.8 1495.1
HeNe-6 57.5 1422.9 6833.6 92.4 9.9 1675.4
HeNe-7 15.0 1410.9 6833.6 -29.9 9.5 1654.5
HeNe-8 57.5 1834.2 6833.6 92.2 9.6 1834.9
HeNe-9 15.0 1822.2 6833.6 -30.2 9.2 1815.2
HeNe-10 57.5 2368.9 6833.6 91.9 9.3 1995.6
HeNe-11 15.0 2356.9 6833.6 -30.5 8.9 1976.8
HeNe-12 -235.8 2344.9 6833.6 -764.3 2.9 3895.8
HeNe-13 -243.5 1172.4 6833.6 -781.9 3.0 3779.6
HeNe-14 -245.7 1160.4 6833.6 -799.8 2.4 4088.0
HeNe-15 -247.5 700.0 6833.6 -809.8 2.5 4015.3
HeNe-16 -247.5 688.0 6833.6 -809.0 2.5 3991.1
HeNe-17 -241.7 676.0 6833.6 -771.8 3.9 3309.6

Table C.2: Material balance with exergy flows for nelium refrigeration process with the Joule-
Thomson valve
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Stream No. T [◦C] p [kPa] ṁ [kg h−1] h [kJ kg−1] s [kJ kg−1 K] Ėx [kW]
BOG -252.4 116.0 0.0 192.0 29.6 0.0
H-1 -252.4 116.0 234.2 192.0 29.6 399.4
H-2 -235.0 116.0 234.2 385.1 36.4 284.4
H-3 -236.9 116.0 267.8 364.5 35.8 335.5
H-4 13.5 114.1 267.8 4001.0 63.6 10.6
H-5 101.3 228.3 267.8 5293.5 64.7 83.7
H-6 15.0 226.0 267.8 4023.9 60.9 71.0
H-7 103.3 452.0 267.8 5324.5 61.9 144.7
H-8 15.0 447.5 267.8 4025.0 58.1 131.5
H-9 103.3 895.0 267.8 5327.9 59.1 205.4
H-10 15.0 886.0 267.8 4027.0 55.2 192.2
H-11 -229.7 871.9 267.8 390.5 28.7 491.0
H-12 -235.6 857.9 267.8 313.4 26.8 525.0
H-13 -245.7 844.2 267.8 -162.6 11.4 819.5
H-14 -247.0 830.7 267.8 -181.9 10.7 833.3
H-15 -252.4 116.0 267.8 -195.9 10.9 828.6
H-16 -252.4 116.0 234.3 -251.2 8.2 771.6
H-17 -252.4 116.0 33.5 192.0 29.6 57.1
H-18 -250.0 116.0 33.5 220.9 30.9 53.8
H-RCY -250.0 116.0 33.6 220.9 30.9 54.0
HeNe-1 13.0 664.0 6631.0 -35.0 10.4 1146.1
HeNe-2 55.2 863.2 6631.0 86.2 10.5 1319.6
HeNe-3 15.0 851.2 6631.0 -29.4 10.1 1297.5
HeNe-4 57.5 1106.6 6631.0 92.6 10.2 1472.5
HeNe-5 15.0 1094.6 6631.0 -29.6 9.8 1450.7
HeNe-6 57.5 1422.9 6631.0 92.4 9.9 1625.8
HeNe-7 15.0 1410.9 6631.0 -29.9 9.5 1605.5
HeNe-8 57.5 1834.2 6631.0 92.2 9.6 1780.5
HeNe-9 15.0 1822.2 6631.0 -30.2 9.2 1761.4
HeNe-10 57.5 2368.9 6631.0 91.9 9.3 1936.4
HeNe-11 15.0 2356.9 6631.0 -30.5 8.9 1918.2
HeNe-12 -235.6 2344.9 6631.0 -764.0 2.9 3776.0
HeNe-13 -243.5 1172.4 6631.0 -781.6 3.0 3663.0
HeNe-14 -245.7 1160.4 6631.0 -799.8 2.4 3966.7
HeNe-15 -247.5 700.0 6631.0 -809.8 2.5 3896.2
HeNe-16 -247.5 688.0 6631.0 -809.0 2.5 3872.8
HeNe-17 -241.6 676.0 6631.0 -771.6 3.9 3208.3

Table C.3: Material balance with exergy flows for nelium refrigeration process with the liquid
expander
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Figure C.1: Simplified process flow diagram for the simulation of nelium reverse Brayton process
with the Joule-Thomson valve
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Figure C.2: Simplified process flow diagram for the simulation of nelium reverse Brayton process
with the liquid expander
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(a) Heating curves for the first heat exchanger HX-1

(b) Heating curves for the second heat exchanger HX-2

Figure C.3: Heating curves for the first and second heat exchanger for the best simulation case of
mixed refrigerant with the Joule-Thomson valve
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(a) Heating curves for the third heat exchanger HX-3

(b) Heating curves for the last heat exchanger HX-4

Figure C.4: Heating curves for the third and fourth heat exchanger for the best simulation case of
mixed refrigerant with the Joule-Thomson valve
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