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ABSTRACT

The distribution of hydrogen in liquid state has several advantages because of its higher
volumetric density compared to compressed hydrogen gas. The demand for liquid
hydrogen (LH,), particularly driven by clean fuel cell applications, is expected to rise in the
near future. Large-scale hydrogen liquefaction plants will play a major role within the
hydrogen supply chain. The barriers of built hydrogen liquefiers is the low exergy efficiency
and the high specific liquefaction costs. Exergy efficiency improvements, however, are
limited by economic viability. The focus of this paper is to present a roadmap for the scale-
up of hydrogen liquefaction technology, from state-of-the-art plants to newly developed
large-scale liquefaction processes. The work is aimed at reducing the specific liquefaction
costs by finding an optimal trade-off between capital costs and operating costs. To this end,
two developed hydrogen liquefaction processes were optimized for specific energy con-
sumption and specific liquefaction costs, showing the potential to reduce the specific
liquefaction costs by 67% for a 100 tpd LH, plant compared to a conventional 5 tpd LH,
plant while achieving a specific energy consumption between 5.9 and 6.6 kWh per kg LH,
with technology that is or will be available within 5 years. The results make liquid
hydrogen a viable distribution route for hydrogen for mobility.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

emission in the US [1] and about 20% in the EU, is the only
major sector in the EU where greenhouse gas emissions are
still rising [2]. Any technological progress in combustion en-

Air pollution and global warming coming along with global-
ization, a growing world population and its ambition for
higher living standard menace the future of mankind. For the
last 200 years mobility, heating and power generation relied
mainly on combustion of hydrocarbons causing carbon diox-
ide, soot and other pollutants. Carbon dioxide with more than
80% share is by far the main greenhouse gas (GHG) [1].
Transport, being responsible for one third of total GHG

* Corresponding author. Fax: +41 52 304 0580.

gines has been outbalanced by an increasing individual
mobility and the demand for larger and heavier vehicles. In
recent years, focus has therefore been set on individual cars
accounting for about 75% of all CO, emissions coming from
transport [2].

Hydrogen has come into focus as a potential future energy
carrier as it reacts in a fuel cell with atmospheric oxygen
releasing only electric energy, heat and water. Fuel cells can
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be used for mobility and stationary applications [3]. Several
national initiatives, for instance in California, Japan and Ger-
many [3—5], promote and support the installation of hydrogen
refilling station (HRS) networks; car industries such as Hyun-
dai and Toyota [5] have started the commercial production of
fuel cell electric vehicles (FCEV) running on hydrogen, others
such as Honda and Mercedes will follow [5].

These cars are equipped with gas tanks for highly com-
pressed gaseous hydrogen (CGH,) at 700 bar and near to
ambient temperature [6]. Most of the refilling stations also
operate on CGH, because of its flexible availability and its low
distribution costs for small quantities in short range. Indi-
vidual mobility requires a minimum number of refilling sta-
tions even at a small number of FCEVs being operated. A
reasonable network density of hydrogen refilling stations
(HRS) requires a high investment in infrastructure e.g. for up
to 400 HRS to be built in Germany by 2023 [4] with a total
estimated investment of approximately €400 million. Starting
on a small number of fuel cell cars leads to a very low traffic
frequency at the HRS [6], causing significant amortization
cost. A focus on vehicles with higher daily consumption
would reduce this problem and bring down more quickly the
cost in the hydrogen supply chain. Table 1 shows typical
consumption rates for different vehicle types assumed in this
paper based on [3,5,6], and estimates their resulting number
being served by one CGH, trailer, one liquid hydrogen (LH,)
trailer, one hydrogen source of 5 tons per day (tpd), for
instance [7], and one of 50 tpd.

Buses, trains and maybe ferry services are ideal candidates
to establish a low cost hydrogen infrastructure for a hydrogen
based green mobility. Due to their all day long operation they
require significant amounts of fuel. According to Table 1, each
fuel cell bus consumes in average 75 times and each train
about 400—600 times of hydrogen compared to a fuel cell car
[6], bringing down specific amortization costs for infrastruc-
ture to an acceptable level. One or two filling stations can
serve all fleet vehicles overnight. The network density is not
that of importance, instead these larger HRS can serve as
distribution bases for relatively cheap hydrogen to car refilling
stations. Production numbers of buses and trains are not so
high allowing return on development already at smaller se-
ries. And space for fuel storage is also of minor priority.

Other fleets of fuel cell vehicles, such as trucks for retail
and logistics, taxi and car sharing can also help to bring up the
number of hydrogen consumers, keeping needs on infra-
structure low. Ferry services [5] and coastal shipping would
even inflate the hydrogen mobility. Assuming the estimate in
Table 1, each ship would consume as much hydrogen as five

thousand cars. Ship HRS infrastructure could in turn become
the basis for a bus and train network. Although non private
traffic contributes only to 25% percent of the total transport
emissions, starting in public and logistics transport allows a
much faster and economically viable market development in
hydrogen mobility.

Distributing and storing the required hydrogen as a cryo-
genic liquid offers several advantages compared to CGH,.
Because of the significantly higher volumetric density of liquid
hydrogen (LH,), the transportable load per LH, trailer is
significantly higher than in a CGH, trailer [3], bringing down
transport cost and trailer frequency at the station. Compared
to CGH,, the delivery of LH, becomes increasingly cost-
efficient for larger transport volumes and over longer trans-
port distances [3], as required by hydrogen mobility. Further
on, the liquid hydrogen comes in guaranteed clean condition
as any impurity will be frozen out in the liquefier plant.

The footprint of storage and infrastructure on the filling
station is much smaller when compressing the cold hydrogen
directly into the vehicles CGH, or LH, tank. The evaporation
rate of the liquid hydrogen is of minor concern as the con-
sumption rate is high enough for a regular operation.

Liquid hydrogen is produced by the cooling, expansion and
the liquefaction of an expanded gaseous hydrogen feed gas
stream from ambient conditions to a temperature of about
20 K [8]. The principles of hydrogen liquefaction and installed
industrial liquefaction processes are described extensively in
literature [7—12]. The hydrogen cooling in built industrial
hydrogen liquefaction processes is typically performed in two
refrigeration steps. For the hydrogen precooling to an inter-
mediate temperature of about 80 K, a liquid nitrogen (LN,)
stream is used. For the cryogenic hydrogen cooling between
80K and a liquefaction temperature of about 20 K, only helium
and hydrogen are available as pure refrigerant fluids for a
cryogenic refrigeration cycle [8]. A further challenge of in-
dustrial hydrogen liquefiers is the required catalytic ortho-to
para-hydrogen conversion [8,13].

The relatively low exergy efficiency of installed hydrogen
liquefaction plants is the main draw back of a LH, supply
infrastructure. The specific energy consumption SEC of a
state-of-the-art 5 tpd LH, hydrogen liquefier with LN, pre-
cooling is about 10 kWh per kg LH, [14,15]. The future
hydrogen mobility market will ask for large-scale hydrogen
liquefaction plants with a significant improvement in exergy
efficiency. Therefore, several studies for future large-scale
hydrogen liquefaction plants were published since the late
1970s. An encompassing literature review is given in Refs.
[16—18]. The majority of these publications focused on

Table 1 — Estimated number of fuel cell powered vehicles based on assumed hydrogen fuel consumption rates.

Vehicle type Assumed H, consumption (tpd) [3,5,6] Trailer [3] Hydrogen source

CGH, LH, 5 tpd 50 tpd
1 ton H, 3.5 tons H,

Passenger car 0.0004 2500 8750 12,500 125,000

Bus/Truck 0.03 33 117 167 1667

Train 0.25 4 14 20 200

Coastal ship 2 0.5 1.75 2.5 25

Large ship 10 0.1 0.35 0.5 5
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developing new process concepts by maximizing the liquefier
exergy efficiency through theoretical simulation [15]. The
recent IDEALHY study [19], for instance, sets an ambitious
benchmark for the specific energy consumption SEC to
6.4 kWh per kg LH, by applying a complex and capital inten-
sive hydrogen liquefaction process.

The improvements in the exergy efficiency for novel
hydrogen liquefaction processes, however, are limited by
economic viability, technological readiness of equipment as
well as plant operability and maintainability. A higher specific
energy consumption SEC can be compensated by lower capital
expenditures and reduced risks [15]. These aspects are often
underestimated.

The roadmap proposed in this paper outlines a stepwise
implementation of large-scale hydrogen liquefaction tech-
nology for a low cost hydrogen supply chain, from installed
state-of-the-art liquefier plants towards new large-scale
liquefaction processes developed [15,20] and optimized to
reduce the specific liquefaction costs SLC, which include plant
capital and operating costs.

From current liquefiers to recent studies

The exergy efficiency of the hydrogen liquefaction process
must be increased in order to decrease electricity costs, which
are part of the plant variable operating costs (OPEX). The
liquefier exergy efficiency is defined as the ratio between the
specific work for an ideal hydrogen liquefaction process Wigeq
and the real specific energy consumed by the process Wyq. It is
expressed as exergy efficiency in equation (1):

o Wideal _ (thoduct - hFeed) - TO : (SProduct - SFeed) (1)

Nex = .
Wreal Wreal

The minimum required theoretical liquefaction work Wigea
is equal to the difference in specific exergy between the liquid
product state and the inlet feed gas. It is calculated with the
specific enthalpy h and the specific entropy s of the feed and
the liquid product. The work required for an ideal hydrogen
liquefaction process is calculated to 2.7 kWh per kg LH, for an
inlet hydrogen feed gas pressure of 25 bar, an inlet tempera-
ture of 303 K and an inlet para-hydrogen fraction of 25%. The
liquid hydrogen product is assumed as saturated liquid with a
pressure of 2 bar and a final para-hydrogen fraction of 98% at
the outlet. In this paper, all given pressure values are absolute.
The work for an ideal hydrogen liquefaction increases by over
40% to 3.8 kWh per kg LH, if the feed is available at ambient
pressure.

Current liquefaction technology

Up to now, several industrial scale hydrogen liquefiers were
built and operated, particularly in North America, Europe and
Japan [16]. The largest trains are reported to be sized in the
USA for liquefaction capacities of up to 55 tpd LH, [21,22] while
more recent liquefiers were designed with a smaller plant
capacity close to 5 tpd LH, or slightly above [16,22].

The current technology for small to medium scale indus-
trial hydrogen liquefaction is mainly based on the process
configurations summarized in Table 2 [8,11]. Hydrogen gas

Table 2 — Typical design of current industrial hydrogen
liquefaction plant technology [8,11].

Parameter Current technology
Helium Hydrogen

Liquefaction <3 2 to 15 or higher

capacity, in tpd
Cryogenic Helium Brayton Hydrogen Claude cycle

refrigeration cycle cycle <25 bar

<25 bar

Precooling LN, once-through LN, once-through
Compressor type Oil flooded screw  Reciprocating piston
Feed gas 10 to 15 15 to 30

pressure, in bar

from a production plant e.g. a methane steam reformer or an
electrolyzer [3], is fed to the liquefier with a typical feed
pressure between 15 bar and 30 bar. Built liquefiers can be
categorized into processes based either on a helium Brayton
cycle or a hydrogen Claude cycle, just by referring to the type
of closed loop cryogenic refrigeration cycle [11,23]. The pro-
cess is typically chosen in function of plant capacity as well as
economic boundary conditions such as plant location and
electricity prices. Liquid nitrogen (LN,) is often used for a
precooling of the hydrogen feed gas to approximately 80 K.
The benefit of LN, precooling is the low capital expenditure
compared to a closed cycle, since no additional expander or
compressor is required [8,11]. The liquid nitrogen is typically
produced in an air separation units (ASU). The required cata-
lytic ortho-to para-hydrogen conversion [8,13] in modern in-
dustrial hydrogen liquefiers is carried out with the catalyst
filled inside the plate-fin heat exchangers [24].

These conventional hydrogen liquefaction processes are
energy intensive. The availability of performance data of in-
dustrial liquefiers is, however, very limited. The specific en-
ergy consumption SEC of liquefier trains operated in the USA
is stated to range between 12.5 and 15 kWh per kg LH, for
capacities between 5.4 and 32 tpd LH, [25], but no data on
boundary conditions or process configuration was given. More
process details are available from the Ingolstadt plant [7] and
from the Leuna plant [10]. Based on a capacity of 5 tpd LH, and
process conditions given in Ref. [10], the SEC for the Leuna
process was calculated to 11.9 kWh per kg LH,. This value for
the specific energy consumption was often taken as a
benchmark for process and cost comparisons without
checking for consistency. For example, the value includes the
power required to compress the feed from ambient pressure
to 24 bar as well as a specific energy consumption of 0.4 kWh
per liter LN, assumed for the production of liquid nitrogen
(LNy) [10].

Recent conceptual studies

Improved large scale liquefaction plants, designed to produce
liquid hydrogen more efficiently and at reduced costs, are
predicted to be an opportunity and a challenge to boost the
future hydrogen economy. Particularly in the last two de-
cades, a significant number of conceptual studies were con-
ducted and scientific papers were published on the topic of
large-scale hydrogen liquefaction processes. An extensive
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literature review of available conceptual processes is given by
the authors in Refs. [16—18].

A selection of large-scale liquefier concepts from literature
was given by the author [15]. In 1978, an early study of a
250 tpd LH, plant was performed by Ref. [26] for a large-scale
hydrogen liquefier with a hydrogen Claude cycle and nitro-
gen precooling. An economic analysis of three different
hydrogen liquefaction systems was presented in Ref. [27]. The
Japanese WE-NET project assessed different liquefier process
concepts for hydrogen liquefiers and selected a hydrogen
Claude cycle with closed loop nitrogen precooling as preferred
concept [28]. An innovative process concept was proposed by
Ref. [29] for a 170 tpd LH, liquefier with a hydrogen feed gas
compression to 80 bar and a propane vapor compression
refrigerator for precooling. A helium—neon mixture was
designed as refrigerant for a cryogenic cycle with turbo com-
pressors with up to 16 compressor stages. A hydrogen cycle
precooled by a liquefied natural gas (LNG) stream was inves-
tigated in Ref. [30]. The helium-neon cryogenic cycle proposed
by Ref. [29] was adopted in a new design by Ref. [17] with a 9-
component mixed-refrigerant precooling cycle composed of a
blend of nitrogen with hydrocarbons, neon and R14. These
conceptual processes were designed with liquefier capacities
ranging from 50 tpd LH, to as much as 860 tpd LH,, and indi-
cating exergy efficiencies of up to 50% or higher. However,
many studies have focused on maximizing the liquefaction
exergy efficiency 7., through theoretical simulations, while
neglecting plant total ownership costs, which include both
capital expenditure (CAPEX) and operating expenditure
(OPEX).

The evaluation and correct interpretation of liquefier de-
signs in terms of costs and efficiencies is complicated if pro-
cess simulations are not based on identical criteria and
boundary conditions. This is well understood in literature [31],
but is often not applied in practice e.g. due to missing data. In
particular, plant capacity, feed inlet and product conditions
have a major impact on the calculated specific work of
liquefaction, and hence, also on exergy efficiency. Finally, the
quality of assumptions on the technical readiness and per-
formance of key process equipment should not be under-
estimated e.g. isentropic efficiencies.

Comparison of selected conceptual liquefiers

Based on identical process and cost boundary conditions
given in Table 4, two existing 50 tpd LH, conceptual liquefiers
and one conventional 5 tpd LH, design with LN, precooling
were recalculated with a newly implemented process model
which is directly linked to spreadsheets for a detailed cost
estimation [14,15]. The IDEALHY project [19] was chosen as a
benchmark for exergy efficiency, as well as being the most
recent study which included some of the authors and process
features of the aforementioned papers [17,29]. The Linde 2010
design [11] was considered as a reference for a technically
ready large-scale concept, which focused more on low capital
investment and simple improvements to the Leuna process
[10,14]. The results for the recalculated processes predicted
that the specific energy consumption SEC of the IDEALHY
design is about 1 kWh per kg LH, lower than the SEC for the
Linde 2010 design, as indicated in Fig. 1 [14,15].

10 kWh/ kg LH,

10,0 4 F 1,00

8,0
r 075

ipd

6,0 4

r 0,50

SLC/SLC,

4,0 4

r 025

Specific energy consumption SEC in kWh per kg LH,
Specific liquefaction costs relative to 5 tpd LH,

0,0 +

Linde 2010'  IDEALHY 2013' New Target
50 to 150 tpd

Conventional

Stpd 50 tpd 50 tpd

1 . w: e s
The process and cost calculation was adapted from the original publication

Fig. 1 — Galculation results for the specific energy
consumption SEC and the specific liquefaction costs SLC for
the conventional 5 tpd, Linde 2010 50 tpd and IDEALHY
50 tpd LH, liquefiers.

In the original publication [19], the specific liquefaction
costs SLC for the capital intensive IDEALHY concept were
calculated to 1.38 € per kg LH, at an electricity price of 0.05 €
per kWh,,. The SLC estimated in the original publication [19]
appear to be slightly underestimated since the total capital
investment required for the IDEALHY process was given only
as a ball-park figure without a detailed plant capital cost
calculation and without considering additional annual oper-
ating costs e.g. mixed-refrigerant and helium-neon gas losses.

The specific liquefaction costs SLC of both processes were
estimated with the cost model implemented within this
research work [14,15,20]. The recalculated SLC for the high-
efficient IDEALHY liquefier were higher than the 1.38 € per kg
given in Ref. [19], and were approximately 20% higher than the
SLC predicted for the less efficient Linde 2010 design [14]. By
upscaling production capacity by a factor of 10 with only minor
modifications, the Linde 2010 process results in a more than
50% lower SLC compared to a conventional 5 tpd LH, liquefier.

New process development

Electricity costs, which are directly linked to the specific en-
ergy consumption SEC of the plant, are not the sole cost item
within the annual OPEX. Moreover, the results from the pre-
vious section have indicated that even for liquefaction ca-
pacities of 50 tpd LH,, the total capital investment is a major
item within the liquefier total costs of ownership e.g. about
50% at electricity prices of 0.05 € per kWh). The development
approach outlined in Refs. [14,15,20] therefore focuses on
optimizing the specific liquefaction costs SLC rather than only
exergy efficiency. To reach the targets in Table 3, new pro-
cesses were designed [15,20] to liquefy up to 150 tpd LH, with
technology that is available today or within 5 years.

Process simulation and costs

The hydrogen liquefier model is implemented in the chemical
process simulator UniSim Design [32] for process calculations
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Table 3 — Research objectives for large-scale hydrogen
liquefier [14,15].

Parameter

Target

Technological readiness
Liquefaction capacity

Specific energy consumption and
Exergy efficiency

Specific liquefaction costs

Within 5 years

Up to 150 tpd

Near 6 kWh per kg LH,
>45%

=1/3 of 5 tpd

and parameter optimization [15,20]. The main boundary con-
ditions used as a design basis for the simulation cases are listed
in Table 4 [14,15]. The liquefier process simulation model and
the assumptions related to the component simulation are
described in Ref. [20]. The isentropic efficiencies for the ex-
panders and compressors, for instance, are calculated with
equipment size dependent functions which are implemented
in the simulation model [20]. The high number of process
variables and constraints lead to a complex liquefier model.
The simulator is therefore coupled to an external mathe-
matical optimizer in MATLAB® [33] to manipulate key process
variables and solve the liquefier simulation by objective
function minimization [15,20]. Either the calculated specific
energy consumption SEC or liquefaction costs SLC were used
as objective functions. A detailed description of the simula-
tion model as well as the optimization method including
constraints and assumptions used for SEC and SLC calculation
is given in Ref. [20]. To assess the process economics of new
hydrogen liquefier designs, a cost estimation model was
developed and directly linked to parameters calculated by the
process simulation model. The implemented cost model is
based on the method and scope of supply shown in Fig. 2
[14,15,20]. The total capital expenses are calculated with
cost-capacity functions that are fitted with available cost data
or assumptions from literature. The liquefaction costs

Compressors and pumps
Coldbox and PFHX
Cryogenic turbines
Vessels, separators
Storage tanks, flare, spares
Piping, valves, structures
Instrum. & electrical
Buildings, site work, civil

Direct Plant Costs

'

Indirect Plant
Costs

e Engineering
* Project execution
e Construction

e Overhead

; ; Total Plant Costs
e Risk & contingency otal Fant Losts

e Commissioning & start-up
o Offsite capital & utilities

Total Capital
Investment
(CAPEX)

represent the plant total cost of ownership (TCO) and include
all yearly operating expenses as well as the annuity deriving
from the capital investment. A more detailed description of
the cost model is given in Ref. [20].

New hydrogen liquefaction processes

As a result of process-economic analyses of the liquefier
subsystems and the total liquefaction process [20], two new
large-scale process concepts were developed for hydrogen
liquefaction [15,20,34,35].

Concept A: high pressure hydrogen Claude cycle

The cryogenic cycle of Concept A is designed with an opti-
mized high-pressure (HP) hydrogen Claude cycle, using
available highly-efficient reciprocating compressors and turbo
expanders with the energy recovery option. The major dif-
ferences to the conventional Claude process are the signifi-
cantly higher cycle pressure levels and the elevated precooling
temperature. For 100 tpd LH,, the preferred hydrogen pre-
cooling is designed with the mixed-refrigerant cycle (MRC)
shown in Fig. 3. The MRC is optimized for precooling tem-
peratures between 90 K and 110 K with only four mixture
components consisting of nitrogen and hydrocarbons to
ensure a simple gas management system [15,20].

Concept B: dual hydrogen—neon cascade cycle

In the second developed process, the cryogenic cycle is sepa-
rated into two cascade cooling cycles: a reversed Brayton cycle
with a hydrogen—neon mixture and a pure hydrogen Claude
cycle for the final liquefaction of the feed. The hydrogen-neon
Brayton is designed to use integrally-geared turbo compres-
sors available on the market with improved sealing systems to
minimize the loss of expensive neon gas [15]. Alternatively,

Feed gas losses
Electricity
Refrigerant makeup
Seal & purge gas
Cooling water
Instrument air

Variable
OPEX

e Operating personnel

e Supervision

e Inspection, Maintenance,
Repairs & Overhauls

Operation &
Maintenance

Operating
EX}.
(OPEX)

¥

Specific Total Cost of
Liquefaction (SLC)

Profitability
Analysis

—)

Fig. 2 — Schematic procedure for the liquefier cost estimation [15,20].
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PFHX-02
H2
LP-CMP-1

afeaois 0]

Fig. 3 — Concept A: simplified process flow diagram of HP hydrogen Claude cycle with MRC [20,34].

hermetically sealed compressors can be implemented as in
Ref. [19]. The hydrogen Claude system is implemented with
reciprocating compressors. As in Concept A, the base 100 tpd
LH, design is implemented with an optimized MRC precooling.
A process flow diagram of Concept B is given in Ref. [20].

Simulation results and discussion

For the presented large scale liquefaction Concepts A and B,
parametric optimization studies and sensitivity analyses were
performed to select a range of optimal configurations for
different boundary conditions, e.g. varying train capacity and
electricity prices. The simulation modeling assumptions, the
methods and optimization results are described in Refs.
[15,20]. Alternative precooling modifications are assessed and
optimized in combination with the presented cryogenic cycles
[20,34], including conventional LN, precooling and different
MRC options, as well as N, expander cycles and hybrid MR
expander cycles. The main optimization results for the Con-
cepts A and B simulated with MRC precooling are shown in
Fig. 4. Each design has been optimized with either SEC or SLC
as objective function leading to, respectively, energy (EO) or
cost optimized (CO) cases [20].

The lowest specific energy consumption for the 100 tpd LH,
train is achieved by the energy optimized “EO 1/Feed Variable”
simulations with a variable feed pressure between 25 bar and
80 bar. For these cases, the optimizer finds the solution with
minimized specific energy consumption SEC by increasing the
feed pressure variable to the upper limit of 80 bar. At feed
pressures above 25 bar, a feed compressor is added as unit
operation to the simulation and cost model. The “EO 2/Feed
25 bar” cases are optimized at the fixed feed pressure defined
in Table 4 with no feed compressor unit resulting in lower

specific liquefaction costs SLC but slightly higher specific en-
ergy consumptions SEC: 6.0 kWh per kg for Concept A (+1.7%)
and 6.3 kWh per kg LH, for Concept B (+4.2%). In the cost
optimized (CO) cases, the optimizer keeps a feed pressure of
25 bar to avoid additional equipment costs as the gain in
exergy efficiency of a higher feed pressure is rated as less
profitable by the solver at the cost of electricity of 0.05 € per
kWh,,. This and further cost optimization by the optimizer,
e.g. reduction in heat exchanger size, lead to higher SEC
compared to the EO cases [15,20].

The results for the calculated specific energy consumption
SEC of the new 100 tpd LH, processes show that a SEC value
below the aimed 6 kWh per kg LH, is achieved, resulting in
exergy efficiencies of about 45% compared to the exergy effi-
ciency of 27% of current 5 tpd LH, liquefiers. The simulated
SEC of Concept A can theoretically be decreased below
5.9 kWh per kg LH, e.g. by increasing train capacity or
including liquid expanders [17] in the MRC. Significant im-
provements can also achieved by applying the new optimized
cycles to smaller train capacities [20].

For Concept A and Concept B, the optimization results for
the specific liquefaction costs (CO) are shown on the right
diagram in Fig. 4 and are compared to the conventional non-
optimized 5 tpd LH, process with hydrogen Claude cycle and
liquid nitrogen precooling (LN,) [15,20]. The optimization of
the process variables for Concept A and Concept B was carried
out for the liquefaction capacities of 50 tpd and 100 tpd LH,.
The different liquefaction capacities influence the optimiza-
tion of the process variables. For instance, a higher liquefac-
tion capacity can lead to higher refrigerant mass flows and
larger components e.g. compressors, expanders and heat ex-
changers. This can affect the defined optimization constraints
that still need to be satisfied by the optimizer. Also, the
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Fig. 4 — Results for Concepts A and B with MRC: specific energy consumption SEC for 100 tpd LH, (left) and specific

liquefaction costs SLC for 50 tpd and 100 tpd LH, (right).

implemented equipment size dependent functions, e.g. for
costs or isentropic efficiency, can be influenced by a variation
in liquefaction capacity [20]. The results in Fig. 4 indicate a
substantial improvement in specific liquefaction costs for
both Concept A and Concept B. The predicted costs are
reduced by nearly 60% from the 5 tpd LH, trains to 50 tpd LH,,
and by about 67% for the 100 tpd LH, designs [15,20].

Based on the results from the parametric optimization and
sensitivity analyses [15,20], one 100 tpd LH, design case of
Concept A with the HP hydrogen Claude cycle will be elabo-
rated to a technically ready process with accurate prediction
of catalytic ortho-para conversion in plate fin-heat ex-
changers [36], turbine configuration and optimal dimen-
sioning of key hardware components with manufacturers.

Roadmap to hydrogen liquefaction

To summarize the findings on the new developed large-scale
liquefaction processes [15,20] in terms of economic viability,
the computed range of industrially viable liquefaction costs is
plotted in Fig. 5 as a function of liquefier train capacity and
boundary conditions. The total costs are related to current
5 tpd LH, liquefiers and are distinguished in technology

Table 4 — Simulation basis of design: main process and

cost boundary conditions [15,20].

Parameter Value
Cost model

Electricity costs, in € per kWhg 0.05
Plant availability 95%
Plant operation, in years 20

H, feed Gaseous
Feed pressure, in bar 25

Feed temperature, in (K) 303
Para fraction 25%

LH, product Sat. liquid
Prod pressure, in bar 2.0
Product temperature, in (K) 22.8
Product para fraction >98%

available today or within a medium term future. In this work,
short to medium term in this paper is defined as a time-frame
of up to 5 years in which minor modifications to proven
liquefier technology can be industrially qualified and imple-
mented. This corresponds to a Technology Readiness Level
(TRL) between 7 and 9 [37]. Along term development is defined
in this paper for a technology that requires at least five years
or longer before it can be implemented in an industrial plant.

Large hydrogen consumption rates ask for a liquid
hydrogen distribution infrastructure. The liquefaction process
can be optimized in specific energy consumption SEC as well
as in specific liquefaction costs SLC as shown for larger ca-
pacities. From well to wheel the target hydrogen costs at the
filling station can be lowered to 5 to 7 € per kg H, with a liquid
hydrogen supply chain compared to 8 to 10 € per kg H, with
compressed gaseous hydrogen [38]. In order to reach this cost
target, liquefier capacities starting from 20 tpd up to 50 tpd LH,
are already economically viable based on current technology.
Further reduction in specific liquefaction costs and larger
plant capacities can be achieved by minor changes in existing
equipment.

Making use of synergies between other industrial applica-
tions and hydrogen liquefiers would further help to bring
down the specific cost of hydrogen. The closed precooling
cycle could be replaced by the use of inexpensive LN, coming
directly from a nearby air separation units (ASU) for liquid
oxygen (LOX) production. Alternatively, liquefied natural gas
(LNG) from a nearby LNG import terminal [30] could offer
precooling for “free” to about 130 K instead of today's ineffi-
cient practices for LNG re-vaporization. The compressor sys-
tem of the main cryogenic refrigeration cycle, working from
medium to high pressure, could be deleted if a hydrogen
liquefier can be placed near to an industrial hydrogen con-
sumer that requires hydrogen at a lower hydrogen pressure
than the hydrogen feed gas pressure from a steam reformer or
a high pressure electrolyzer. Instead of dissipating the
compression energy, the hydrogen can pass once through the
main refrigeration cycle before being routed directly to the
hydrogen consumer.

The medium term modifications required for the process
equipment in large-scale hydrogen liquefiers, for instance for
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technological readiness.

Concept A and B, comprises the frame-size of cryogenic turbo
expanders. These need to be matched to the required load
capacities as the gas bearing turbines available today for
hydrogen and helium [39] are smaller and oil bearing turbines
are typically larger in size. Recovering the expansion energy
would be beneficial for a higher process exergy efficiency. This
is state-of-the-art in larger industrial applications such as air
separation units (ASU) or natural gas liquefaction (LNG) plants
[40] and would only needed to be downscaled. The developed
MRC design for hydrogen precooling must be qualified under
the process conditions for the hydrogen liquefier that differ
from the conventional MRC application in LNG plants e.g. the
lower precooling temperature [15,20].

The process Concept B, in which the hydrogen—neon
mixture is proposed as new cycle refrigerant, requires a longer
development horizon than process Concept A. Accurate
equations of state (EOS) describing the properties of the
hydrogen—neon mixture at cryogenic temperatures are not
yet available in common fluid property estimation packages
[41]. Losses of expensive neon have to be minimized.
Hermetically-sealed turbo compressors are available today,
but are currently limited in frame-size and in efficiency for
light gas application, and would need to be increased.

Conventional non-hermetic turbo machines show high effi-
ciencies but need to guarantee tight shaft sealings.

The herein presented stepwise implementation of large-
scale hydrogen liquefaction is summarized in Table 5.
Large-scale hydrogen liquefaction with state-of-the-art
technology can already today reach hydrogen mobility ob-
jectives. In the short to medium term, depending on
boundary conditions, a specific energy consumption for
hydrogen liquefaction between 5.9 and 6.6 kWh, per kg LH,
can be achieved with the presented cost-optimized pro-
cesses [15,20]. Further development in a large-scale
hydrogen supply chain should focus on the development
of fuel cell buses, trucks, trains and ships as well as on the
development of turbo compression for light gases, as only
hydrogen and helium or a blend of them eventually with
neon are suitable as process gas for the cryogenic cycle
needed for hydrogen liquefaction. For very large plants, their
compression at ambient temperature still struggles with
limitations in skid size for reciprocating compressors or a
low stage compression ratio for turbo compressors due to tip
speed limitations. In the longer term, high-speed light gas
turbo compressors that are under development may be
employed for pure hydrogen or helium compression to

Table 5 — Stepwise implementation of large-scale hydrogen liquefaction technology.

Parameter Future trend
Today Short to medium term Long term
Train capacity, in tpd 15 to 50 up to 150 >100
Main cryogenic cycle Hydrogen claude (Conventional) HP hydrogen claude (Concept A) H, or mix with neon (Concept B)
Precooling N, cycle MR (or N,) cycle MR cycle
Compressor type Reciprocating Reciprocating Centrifugal
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further reduce the specific liquefaction costs and increase
the liquefier capacities above 200 tpd LH,.

Conclusions

The main drawback of today's hydrogen liquefaction plants is
the relatively small train size, with typical capacities of 5 tpd
LH,. Consequently, specific liquid hydrogen production costs
and specific energy consumption of these liquefiers is rela-
tively high. The impact of reducing the specific liquefaction
costs on the overall hydrogen chain costs is significant. Two
new liquefaction processes presented within this research
work were therefore optimized in specific liquefaction costs
[15,20]. The process Concept A has a high technological
readiness and achieves a specific energy consumption close to
6 kWh per kg LH, for 100 tpd LH, with a major reduction in
specific liquefaction costs. The major improvements
compared to conventional liquefiers involve the optimized
scaling-up of the liquefaction process and equipment, with a
closed-loop MRC for hydrogen precooling and an optimized
hydrogen refrigeration Claude cycle with turbine energy re-
covery. For future large-scale hydrogen liquefaction plants
requiring even larger liquefaction capacities above 100 tpd
LH,, the process Concept B with two separate cryogenic cycles
is proposed. It includes the use of turbo compressors for the
novel hydrogen—neon mixture cycle. For 100 tpd LH,, the
predicted specific liquefaction costs can be reduced by nearly
67% compared to conventional 5 tpd LH, liquefiers. Even for a
smaller upscale in capacity from 5 tpd to 50 tpd LH,, specific
liquefaction costs are reduced by approximately 60%.

A cost of hydrogen liquefaction close to or below 1 € per kg
LH, can be achieved with optimized large-scale liquefiers. For
Germany, based on a liquid hydrogen supply chain, a bench-
mark between approximately 5 and 7 € per kg was given in
Ref. [38] for the hydrogen price for FCEV refilling. These targets
can be achieved with large scale liquefier capacities, depend-
ing on boundary conditions such as hydrogen feed gas and
liquefier electricity costs.

For a faster launch of economically viable hydrogen
mobility focus must now be placed on cost reduction in large-
scale hydrogen gas production from renewable energy running
in parallel with strong efforts in establishing larger fleets of
commercial vehicles, trains and ships running on fuel cell.
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