Large scale hydrogen liquefaction in combination with LNG re-gasification
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Abstract

At LNG import terminals the LNG is re-gasified for high-pressure pipeline distribution. The cold
released during evaporation and warming of the LNG to ambient temperature can be efficiently used
to reduce both the energy requirements as well as the capital costs of hydrogen liquefaction.

The paper starts with exergetic considerations on hydrogen liquefaction using different alternatives of
pre-cooling including the conversion from normal to para hydrogen. It further explains basically a
proposed liquefaction process for a 50 tons per day unit based on pre-cooling at LNG temperatures
and discusses the suitable compressors and expanders which are available today. A comparison of
the required power input for the alternative liquefaction processes is presented.
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Introduction
Classical Hydrogen Liquefaction Process

Practically all existing hydrogen liquefiers are using two sources of refrigeration: liquid nitrogen or a
nitrogen refrigeration cycle down to 80 K and a helium or hydrogen refrigeration cycle down to
liquefaction temperature. Figure 1 shows a typical process flow diagram of such a unit. Hydrogen feed
gas of 10 to 25 bar (left side of the diagram) and at ambient temperature enters the so-called coldbox
and is being cooled down to 80 Kelvin in heat exchangers HE1 and HE2 mainly by liquid nitrogen (right
side of the diagram), which is evaporated in HE2 and warmed up to ambient temperature in HE1. The
feed gas leaves HE2 and residual impurities are removed in switchable cryogenic adsorbers. After that
clean feed gas re-enters HE2 again and is cooled down to liquefaction temperature in all exchangers
from HE2 to HE8. Within all these heat exchangers simultaneously to cool-down the feed gas is
continuously converted from ortho to para hydrogen and close to equilibrium by using a catalyst, which is
filled in the exchangers (indicated by the hatched lines). Below 80K niveau refrigeration is provided by
using a Brayton and Joule Thompson cycle. The Brayton cycle consists in this example of three turbines
switched in series with hydrogen as coolant. The Brayton cycle ends at a temperature of approximately
30 K at heat exchanger HEG6. Below this temperature a Joule Thompson cycle is applied (down to HE8)
further cooling down the feed gas and liquefy it.

Liquid Natural Gas as Hydrogen Source

Presently the predominant part of hydrogen is produced out of natural gas by applying a steam reformer
process with subsequent purification. Natural gas is either transported in pipelines in compressed and
gaseous form or in liquefied state in ships. Not only the demand of natural gas is growing but the
percentage of liquid as well. When reaching the port of destination the liquid is evaporated and at least
partly warmed up. Then cold gas is compressed and fed into a pipeline or elsewise distributed. The
energy for evaporation and warm-up comes either from sea water or by combustion of some natural gas.
In case of producing liquefied hydrogen out of natural gas the idea is using this gratis refrigeration.
Respective patents are pending. Within the next chapter a so-called exergy analysis is carried out in
order to point out the potential of such cooling source.
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Figure 1: Process flow diagram of a classical hydrogen liquefier

Exergy Analysis

The easiest approach to a thermodynamic analysis of a system is to introduce exergy as additional
information for each state point. Exergy, the maximal available work or minimum work required, is
defined as

de=dh-Tods 1)
or integrated
€1 =hy-ho-To(S1-S0) v

where e; is the maximum work, that can be obtained from a periodic process between state 1 and
ambient condition 0. For the whole system as well as for parts of it, thermodynamic efficiencies can be
calculated as ratios of minimum exergy necessary to exergy actually applied. For a system analysis,
however, it is more reasonable to calculate the exergy loss occurring in a component and to compare it
to the exergy input to the system. In case a cooling cycle operates not up to ambient but lower, T, in the
formula above has to be replaced by that highest temperature occurring.

In the following table 1 the minimum theoretical work or exergy to be supplied is listed for various
processes. The task is to cool down and liquefy hydrogen gas of 22 bar, 300 K and para-content of 25 %
to saturated liquid of 2 bar (22.8 K) and para-content of 99.5 % (in equilibrium).



Table 1: Minimum theoretical work for liqguefaction

Case spec. power spec LNG flow
[kJ/kg] [ka/kg]
a) without pre-cooling and with isothermal reversible compression | 9'950 -
at 300 K:
b) same, but with conventional pre-cooling to 135 K: 8'860 2.68
c) same, but with conventional pre-cooling to 80 K: 7'470 7.7 (LN2)
d) LNG-pre-cooling with reversible warm-up of the LNG from 5'150 13.1
125 K to 300 K, (i.e. optimal use of the stored cooling energy in
LNG)
e) pre-cooling of the feed gas to 135 K and isothermal reversible 2'850 ~160
compression at 135 K.

The process marked with a) in table 1 represents the reference process of a system without any pre-
cooling and consequently compression at ambient temperature. Therefore the minimum power input is
the highest possible. The next two processes use LNG or LN2 to pre-cool the feed, but compression
takes places still at ambient temperature. In the process marked with b) pre-cooling is done with LNG
down to 135 K, which saves already 11 % of electric power compared to the reference process. The
LNG flow required is still smaller than the equivalent flow to produce the hydrogen feed out of natural
gas.

Within the third process (marked with c)) LNG is replaced by conventional liquid nitrogen at ambient
pressure and therefore with a pre-cooling temperature of 80K covering already some heat of conversion
from ortho to the para form. Compared to the reference process this saves 25 % power input, however
not for free like in case of LNG.

The last two processes (marked with d) and e)) use LNG not only for pre-cooling the feed but lower the
compression temperature of the recycle compressors as well. If one returns the natural gas at ambient
temperature and therefore use all cooling energy in the liquid and gas the minimum power input drops to
5'150 kJ/kg hydrogen saving almost 50 %. The required LNG flow then is 13 kg/kg H2 or the ratio LNG
for cooling and producing hydrogen is already more than 3. The highest saving of compressor power
input results, if isothermal compression at lowest temperature, in this example 135 K (case €)), is applied
in addition to pre-cooling the feed down to this level. The minimum theoretical work then drops to 29 %
compared to case a). However, by not using the big part of sensible cooling energy up to ambient
temperature the demand for LNG increases tremendously to approximately 160 kg LNG/kg hydrogen or
in other words: only 2.5% of LNG supplied would be converted in LH2, the rest would have to be used as
coolant only and processed differently. This case is considered to be too exotic and therefore left aside.
As a conclusion the minimum theoretical work can be almost halved using LNG for pre-cooling the feed
and as coolant of compression. Compared to a conventional liquefaction process using liquid nitrogen for
pre-cooling but with compression at ambient temperature the reduction is in the range of 30 %.

Real Liquefaction Processes

Based on the ideal cases described three real processes have been developed, each providing a
liquefaction rate of 50 tons of hydrogen per day.

The so-called option A in table 2 is characterized by having isothermal compression at 135 K like
process €), option B utilizes the cooling capacity of LNG up to ambient temperature like case d) and
option C represents the classic process simply pre-cooling the feed stream like case b).

Table 2: Specific electrical power input

Option spec. power spec LNG flow
[kJ/kg] [ka/kg]

A: based on ideal process e) 11'350 43.9

B: based on ideal process d) 12'800 25.7

C: based on ideal process b) 30'500 3.2

Option A has the lowest specific power input, but the highest consumption in LNG. By placing the
refrigeration compressors staggered in temperature the consumption of LNG is considerably reduced
(from 43.9 to 25.7 kg/kg) and the power consumption increases only by 13 %.
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Figure 3: Heat over temperature for option A. LNG is warmed up to 204 K only.
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Figure 4. Heat over temperature for option B. LNG is warmed up to 274 K.

Figures 3 and 4 show the refrigeration requirements and the cooling capacity available over the
temperature. Comparing the temperature differences it is quite obvious, that the LNG consumption is

significantly lower in option B.
Process Description
The equipment used for the process is shown in the process flow diagram (PFD) in figure 5 below.

Feed gas treatment

The feed gas is supplied at a pressure of 2200 kPa and a temperature of 300 K to the coldbox. The
liquefaction of this flow includes the following process steps:
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Figure 5: Process flow diagram (PFD)



Cooling from 300 K to 135 K by LNG in heat exchanger HX1
Cooling from 135 K to 89.5 K by the latent heat of nitrogen gas in heat exchangers HX2 and HX3
Cooling from 89.5 K to 80 K by evaporation of nitrogen in HX4

Final purification from traces of impurities in a cryogenic adsorber. Two switchable absorbers are
installed in parallel performing continuous purification.

Initial ortho-para conversion (from 25% to 42.7% para-H2). The temperature increases to 88.4 K.
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6. Further cooling from 88.4K to 26 K and continuous ortho-para conversion to 97.5% in heat
exchangers HX10 to HX15. Within these aluminum plate-fin heat exchangers the passages for the
feed gas flow are filled with ortho-para catalyst.

7. Pressure reduction to about 200 kPa with control valve CV14 and the ejector. 86% of the mass flow,
respectively 18.5% of the volume flow become liquid.

8. The ejector joins the feed gas flow with the returning vapor flow from the liquid hydrogen storage.
Driven by the expanding feed flow, the ejector's discharge pressure is about 50 kPa higher than the
pressure of the sucked return vapor. The discharge flow is partially liquefied at 22.7 K.

9. The joined flow becomes totally liquefied, slightly sub-cooled and converted to 99% para-H2 in the
heat exchanger. This is the state of the product flow, which is sent to the storage. The refrigeration
for the heat exchanger HX16 is performed by the evaporation of hydrogen from the recycle flow at
160 kPa.

LNG-pre-cooling

The hydrogen feed gas flow as well as the total high pressure recycle flow of hydrogen and nitrogen are
pre-cooled down to the temperature of 135 K by the means of liquid natural gas (LNG). The LNG before
has been unloaded from tanker ships as saturated liquid at ambient pressure and then it has been
pressurized by cold centrifugal pumps to 7800 kPa. By the work of these pumps the temperature of the
LNG is increased to 125 K. The temperature difference from 125 K to 135 K is the designed temperature
difference at the cold end of the pre-cooling heat exchangers.

In option A all the recycle compressors are operating at suction temperatures slightly below 135 K. Their
discharge temperatures are between 180 K and 290 K. Thus, the refrigeration capacity from LNG is
mainly used in the temperature range below 180 K. The average temperature of the natural gas, leaving
the pre-cooling system, is 204 K.

For a better recovery of the LNG coldness the option B has been developed. It enables a considerably
lower LNG flow, which is paid with more electrical power input.

In option C the recycle compressors are operating at ambient temperatures and dissipate the produced
heat into cooling water. LNG is used only for pre-cooling the hydrogen feed gas to cover exergetic losses
of the heat-exchangers above 135 K.

The nitrogen refrigeration loops

The nitrogen refrigerator performs refrigeration for the hydrogen feed gas flow down to the temperature
of 80 K and for a part of the hydrogen recycle flow down to the temperature of 71 K.

The refrigeration is produced by a turbine expanding the main part of the N2—MP flow from 900 kPa at
inlet and 110 kPa at outlet. The outlet temperature is slightly higher than saturation. About 60% of the
flow (N2-LP-A) from this turbine is used in the heat exchangers HX3 and HX2 to cool down the
hydrogen flows form 135 K to 89.5 K. The remaining 40% of the turbine flow (N2—LP-B) is used in the
heat exchangers HX20 and HX19 to cool down and to condensate the nitrogen high pressure flow
(N2—HP). This high pressure flow enters HX19 with the pre-cooling temperature of 135 K and it leaves
HX20 as sub-cooled liquid. In heat exchanger HX19 also the turbine flow is conditioned.

The liquid high pressure nitrogen is throttled by CV22 into the separator S1. The pressure in this
separator is 110 kPa, the temperature consequently 78 K. The main part of the liquid then is evaporated
in HX4. Its vapor re-joins with the flow N2—LP-A from the turbines and contributes the refrigeration in
HX3 and HX2.

A smaller part from the liquid in separator S1 is further throttled by CV23 into the separator S2. The
pressure in this separator is 39 kPa (N2-VLP) performing a temperature of 70K. The liquid from this



separator is evaporated in heat exchanger HX5. The vapor then contributes to the refrigeration in the
heat exchangers HX20 and HX19 where it is warmed up to 131 K. Recompressed to 108 kPa by
compressor C4 and re-cooled in counter flow to LNG in heat exchanger HX18 it joins with the flows
N2-LP-A and N2-LP-B. The combined N2—-LP-flows then become pressurized to 910 kPa by
compressor C5. As N2-MP flow it gets re-cooled in counter flow to LNG in the heat exchanger HX17 and
HX18.

Between the heat exchangers HX18 and HX19 a small part of the N2-MP is split, further pressurized to
3200 kPa (N2 HP) by compressor C6 and re-cooled by HX18.

The hydrogen refrigeration loops

The hydrogen refrigeration loop performs refrigeration for the cool-down of the hydrogen feed gas from
80 K down to the liquid state with a temperature of 22.7 K and for the main part of the ortho-para
conversion from normal hydrogen (25% para-H2 concentration) to almost pure para-hydrogen (99%).

The recycle hydrogen flow is not converted by catalysts. During long time operation an average para-H2
concentration between 30% and 50% will be established.

There are three main flows in this loop, the high pressure flow H2—HP, the medium pressure flow
H2-MP and the low pressure flow H2-LP.

The H2-HP flow, after being pressurized in the compressor C2 and C3 is re-cooled first by natural gas in
heat exchangers HX6 and HX7, then in the heat exchangers HX8 as counter flow to the warming up
hydrogen medium pressure flow H2-MP and the hydrogen low pressure flow H2—-LP.

For the further cool down to 71 K the H2—-HP is split in two parts. The main part (60%) continues in the
heat exchangers HX9 and HX10 as counter flow to the H2-MP and H2-LP flows. The residual flow is
cooled by nitrogen in the heat exchangers HX3, HX4 and HX5. The two flow parts then rejoin.

The refrigeration at the temperature level below 71 K is performed by seven hydrogen gas bearing
turbines which are arranged in three strings. With the objective of a high exergy efficiency, the three
strings are operating at different temperature levels along the heat exchangers HX11 to HX14. In each of
these turbine strings a part of the rejoined H2—-HP flow is expanded to the medium pressure level. A
small residual part is throttled in a Joule Thompson stage at the cold end. By throttling to 160 kPa the
hydrogen is partially liquefied. Evaporating this liquid performs refrigeration in heat exchanger HX16.

The first string with the serially connected turbines TU1 and TU2 takes gas from the rejoined H2—-HP flow
at 71K and returns it with 44 K to the H2—MP flow between the heat exchangers HX12 and HX13.

The second string with the serially connected turbines TU3 and TU4 takes gas from the H2—-HP flow
down stream HX11 and returns it at 32 K to the H2-MP flow between the heat exchangers HX13 and
HX14.

The third string is equipped with three turbines. The turbine TU5 is serially connected with two parallel
operating turbines TU6 and TU7. This string has to perform refrigeration for the condensation of
hydrogen and the needed flow volume can only be processed with parallel turbines.

Machinery for Compression and Expansion

For all compression and expansion stages there are solutions available on the market. One would apply
centrifugal compressors and expanders and reciprocating compressors.

For centrifugal compressors and expanders (nitrogen) Atlas Copco in Germany and Cryo Star in France
would be potential suppliers.

Concerning reciprocating compressors there seem to be three potential manufacturers for such low
temperature applications: Burckhardt Compression in Switzerland, Dresser Rand in the US and IHI in
Japan.

Expansion turbines in the hydrogen refrigeration cycles would be made by Linde Kryotechnik.

For H2-compressor C2 in option A and B and H2-compressor C3 in option A a gear type centrifugal
compressor of Atlas Copco is suitable. As an alternative reciprocating compressors of Burckhardt
Compression, Thomassen or IHI may be a solution.



Nitrogen compression (C5) and expansion (T11) can be solved by a compressor-expander combination
of Atlas Copco and CryoStar as an alternative.

H2 compression at first stage C1 in option A and B can be realized by a reciprocating compressor of
Burckhardt Compression or a centrifugal compressor of CryoStar.

Nitrogen compressors C4 in option A and B and C6 in option A would be either a centrifugal type from
CryoStar or a reciprocating type from Burckhardt Compression.

In option C, compression at ambient temperature, centrifugal compressors seem not to be the right
solution due to a large number of compression stages. Instead reciprocating compressors shall be
applied, available from various manufacturers. For all other machinery in option C the same concept as
in option A and B may be applied, however larger units due to the bigger suction volumes.

In all three options hydrogen expansion is carried out by turbo-expanders of Linde Kryotechnik. The
Linde gas bearing turbo-expander is a small, single-stage centripetal turbine, which is braked with a
direct-coupled single-stage centrifugal compressor. It has dynamic (self-acting) gas bearings, which
operate at ambient temperature. External bearing gas is only required for short periods during start-up
and shut-down.

The turbine housing is mounted on the top plate of the coldbox. The cold part of the unit extends
vertically into the vacuum space of the cold box.

The bearing cartridge and the strainer form integral parts of the turbine and can be easily be removed
without breaking the cold box vacuum. The perpendicularly oriented rotor carries wheels made of an
aluminum alloy. The entire turbine system is connected to the process.

The turbine speed is adjusted by a control valve in the compressor gas circuit. The speed is measured
by an inductive pick-up and an electronic amplifying unit. The plant control system prevents the turbine
from excess speed.

The turbines act as the cooler units inside the process. The energy removed from the process gas is
dissipated in the compressor circuit and transferred to the cooling water in the gas cooler being integral
part of all turbine types.

The Linde turbo-expander is simple in design, high in efficiency and very reliable in operation. There is
no danger of contamination of the process gas or of the installation, because the turbine system is fully
sealed from the outside. At any time the Linde turbine is operating far below any critical speed.

Conclusion
Using LNG for pre-cooling in the hydrogen liquefaction process is extremely useful to save power input.

Because this source is for free, it is elegant. There are options of how intensive it may be used.
Machinery to realize this concept is available on the market.

Notation

e exergy J/ig

h enthalpy Jig

s entropy Jig K

T temperature K

Indices

0 ambient (293.15 K, 0.1013 MPa)
1 general state point



