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Figure 9. Adiabatic temperature change AT_ad(T, 0 — p,H) for field changes of 0—1 to 0—5 T, trimmed to each stage
window.

Fig. 9 shows the corresponding adiabatic temperature change, AT_ad, which determines the
temperature lift a single magnetisation step can achieve. The peak values at 0—5 T lie between
about 3.5 K (Ndg.75Pr¢.25Alz) and 4.8 K (Pry.75Ceq.25Al,). Because each individual stage must
bridge a 15-22 K span, a AT_ad of only a few kelvin per stroke confirms that an active magnetic
regenerator, rather than a simple magnetic-cycle device, is required: the regenerator multiplies this
single-stroke lift through the established temperature gradient along the bed. These property
surfaces are the direct input to the regenerator model described next. They are model-derived and
remain provisional pending final calibration against measured data, but the relative ranking and
placement of the five materials are robust and underpin the staged-bed design.
2. Regenerator performance: heat collected and heat rejection

The one-dimensional regenerator model was run to a periodic steady state for each stage, using
the magnetocaloric properties above together with helium as the heat-transfer fluid. The model
resolves the four phases of the active magnetic Brayton cycle, magnetisation, hot blow,
demagnetisation and cold blow, and tracks the temperatures of both the solid matrix and the fluid
at the hot and cold ends of the bed across the cycle.

Figure 10. Transient temperatures of the helium heat-transfer fluid and the regenerator matrix at the hot and cold ends
of a Stage 3 bed over successive half-cycles (panels a and b), showing convergence to a periodic steady state.

Fig. 10 illustrates this behaviour for a Stage 3 bed, which operates across the coldest 35—20 K
span. Over each half-cycle the hot end swings between roughly 35 K and 39 K while the cold end
cycles between about 18 K and 24 K, with the fluid and solid temperatures tracking one another
closely — evidence of good thermal contact and an adequate convective coefficient in the packed
bed. After the initial transient the traces settle into a repeating pattern, confirming that the bed
reaches the periodic steady state on which the duty calculation depends. The heat collected at the
cold end during the cold blow is the stage cooling capacity, and the heat discharged at the hot end
during the hot blow is the heat rejection; both are obtained by integrating the fluid enthalpy flow
over the cycle.

Table 2 collects the resulting per-stage operating parameters for one cryocooler unit. The cooling
capacity is modest in the two warmer stages and rises sharply in Stage 3, where the bulk of the
sensible-plus-latent load associated with approaching the liquid-hydrogen state is absorbed. The
hot-end heat rejection exceeds the cold-end cooling power in every stage by the magnetic work
input, as required by the energy balance, and the helium-side pressure drop is held below the 3.8
bar ceiling set for the circulation duty. These cold-end and hot-end duties are the quantities passed
to the process model: they become the steady-state cooler and heater loads that represent each
stage in Aspen HYSYS.
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Table 2. Operating parameters of the three-stage AMR cryocooler unit, derived from the regenerator model and the
Aspen HYSYS stream conditions (H, feed 2.700 kg/h, 77 K, 200 kPa; LH, product 2.451 kg/h, 22.81 K), with helium as
the heat-transfer fluid.

Parameter Stage 1 Stage 2 Stage 3

T_H (K) 77 55 35

T_C (K) 55 35 20

Temperature span (K) 22 20 15

Applied MCMs Ndo.72Pro.25Al, / Nd,.5Pro.sAl, / Pry.7sCeo.scAly /

(proportion) Ndo.5Pro.5Al, Pro.75Ndo.25Al, PrAl, (50/50)
(60/40) (30/70)

Helium flow, m (kg/h) 10.8 10.8 10.8

Cooling power (W) 180.62 165.14 445.69

Q_Cold blow (W) 190.81 175.44 470.73

Q_Hot blow (W) 205.31 195.28 510.19

Heat rejection (W) 210.7 200.42 520.81

(F:)raers)sure dropCB/HB 5 8/26 3.4/32 3.6/3.4

COP 1.0 0.7 0.5

3. Liquefaction performance

The detailed hydrogen liquefaction process was developed first as a process-level cryogenic model
in Aspen HYSYS, with each stage represented by a cold heat exchanger, a magnetisation heater,
a demagnetisation cooler, a hot heat exchanger and a helium circulation compressor. In the
representative case the model accepts a green-hydrogen feed of 2.700 kg/h at 77 K and 200 kPa
and delivers liquid hydrogen at 22.81 K, 200 kPa, with a liquid fraction of unity, corresponding to
about 2.451 kg/h of product and a liquefaction fraction near 90%.

To make this detailed process usable inside the dynamic system-level model, a MATLAB script
was then used to automate a parametric sweep of the inlet hydrogen stream in HYSYS. The inlet
mass flow was reduced from its initial value of 2.7 kg/h down to 1.9 kg/h in steps of 0.2 kg/h, and
after each change HYSYS was forced to solve the process. The corresponding liquid hydrogen
product stream was read back and stored as a relationship between hydrogen feed rate and liquid
hydrogen output. In this way the detailed HYSYS simulation was used to generate a reduced
performance map for the cryogenic liquefaction section, rather than reproducing the full cryogenic
process inside Modelica.

This HYSY S-derived relationship was then implemented in the Modelica system-level model as a
lookup-based representation of the AMR cryocooler. Inside the cryocooler block, the actual
hydrogen inlet mass flow is converted from kg/s to kg/h and used as the input to the lookup table;
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the table returns the expected liquid hydrogen production rate, which is converted back to kg/s, and
the remaining non-liquefied hydrogen is calculated as the difference between the inlet and the
liquefied flow. HYSYS therefore provides the detailed process behaviour, and Modelica uses that
behaviour as a fast reduced-order surrogate within the wider dynamic energy-system model. A
consequence of the sweep, important for the system-level results, is that the liquefied fraction is
highest at reduced feed and falls as the feed is pushed towards 2.7 kg/h, because the cold-end
cooling capacity is fixed.

4. System-level performance

The system-level model represents a direct-current-coupled microgrid that produces, stores and
liquefies green hydrogen from on-site renewable generation, retaining a grid connection only as
backup. Electricity is supplied by a 200 kW photovoltaic array and a wind farm feeding the common
DC bus through an AC/DC converter, with a battery initialised at a state of charge (SOC) of 0.80
buffering the short-term mismatch between supply and demand. The two electrical loads are a
proton-exchange-membrane (PEM) electrolyser rated at 177.4 kW with a reference electrical
efficiency of 0.60, and the AMR cryocooler, which draws a constant 21.56 kW. Hydrogen leaves
the electrolyser at 30 bar and 353 K and is held in a 100 m? buffer tank before being metered to the
cold box. A supervisory controller coordinates the plant using bang-bang logic on the tank SOC,
with low and high thresholds of 0.60 and 0.85, and a separate hysteresis band on the battery SOC;
the same controller ramps the AMR inlet flow linearly from 1.9 to 2.7 kg/h as the tank fills. The
scenario uses a 30-day Hamburg weather record, representing winter operation in a wind-rich,
solar-poor climate.
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Figure 11. Hamburg ambient temperature, direct irradiance and wind speed over the 30-day simulation, shown on
separate panels because the temperature scale would otherwise mask the wind and irradiance signals.

Fig. 11 shows the three weather signals that drive the plant. Ambient temperature averages 275.2
K (2.0 °C) and crosses the freezing point repeatedly, falling as low as 268.1 K. Direct irradiance
shows the expected diurnal pulses but peaks at only 80 to 132 W m™ with a 30-day mean of 16.5
W m™, confirming that the photovoltaic array contributes little over this winter period. Wind speed
averages 6.4 m s™" and gusts to 15.4 m s™, so the wind farm is the dominant renewable source;
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the calm spells around days 9, 19 and 24 are precisely where the battery and grid backup are called

upon.
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Figure 12. Hydrogen buffer-tank SOC (sawtooth between 0.60 and 0.85) and battery SOC. Dashed lines mark the
electrolyser on/off thresholds enforced by the supervisor.

Figure 12 overlays the hydrogen buffer-tank and battery SOC. The tank follows a clean sawtooth
bounded by the controller thresholds: the electrolyser switches on at the lower bound, refills the
tank, and switches off at the upper bound, after which the cryocooler draws the inventory back
down. The cycle is asymmetric, the electrolyser produces roughly 3.2 kg/h of hydrogen against an
AMR withdrawal of 1.9 to 2.7 kg/h, so the tank fills slowly over about two days and empties more
quickly once the electrolyser stops. The battery SOC drifts more slowly between 0.60 and 0.90 over
a period close to twelve days under its own grid-support hysteresis, and its power averages only
-4.0 W, showing that the battery is used for smoothing rather than bulk energy shifting.
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Figure 13. AMR cryocooler LH, production rate in kg/s (left axis) and kg/h (right axis); the rate tracks the tank SOC and
is capped near 2.10 kg/h by the fixed cold-end cooling capacity.

Fig. 13 shows the liquefied-hydrogen production rate, which oscillates between 1.90 and 2.10 kg/h
in step with the tank SOC, averaging 1.98 kg/h. Integrated over the month this yields about 47.6
kg/day, or roughly 1.43 t of liquid hydrogen in total. The trace also exposes an important non-
linearity: although the supervisor raises the commanded inlet flow to 2.7 kg/h when the tank is full,
the liquefied output never exceeds 2.10 kg/h. Because the cold end has a fixed cooling power,
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beyond a matched inlet of about 2.1 kg/h the additional gas passes through faster than it can be
cooled, and the liquefied fraction declines from 100% toward 71% at 2.7 kg/h. Production is
therefore maximised at an intermediate throughput rather than at the highest commanded flow, a
result a steady-state sizing calculation would miss, and a clear motivation for running the model
dynamically. The liquefaction stage, not the upstream electrolyser, is the binding constraint on
monthly yield for this configuration.

5. BOG management and cold-energy-storage performance
The boil-off-gas management subsystem converts the unavoidable cryogenic losses of the liquid-
hydrogen store into a storable energy asset by coupling them to a liquid air energy storage cycle.
For the present case study, based on a 1000 m*® LH, reservoir, the BOG mass flow is
approximately 3.6 kg/h, entering the cold box at ambient pressure and 22 K. During charging,
atmospheric air is compressed through a four-stage intercooled compression train (C1-C4)
reaching 7470 kPa, then divided into two branches with a split ratio of 10:1. The smaller branch is
pre-cooled in HEX100 and expanded in K-101, while the main branch passes directly through the
cold box, HEX101, which receives three cold streams: the expanded air branch, the direct BOG
flow from the reservoir, and the vapour returned from the liquid air buffer tank at 5470 kPa and
110.3 K. The main air stream is fully liquefied and exits at 110 K before being throttled to the
liquid-air reservair.
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Figure 14. Hot and cold composite curves for the cold box (HEX101), showing close thermal matching between the
warming air and the combined cold streams down to the cryogenic end.

Fig. 14 shows the hot and cold composite curves for the cold box. The two curves remain closely
spaced over the full 22—-300 K range, with the tightest approach in the 140-150 K region, indicating
that the recovered cold from the BOG and the buffer-tank return vapour is well matched to the air-
liquefaction demand. This close matching is the reason the integrated system reaches a high air-
liquefaction fraction of about 90%, well above the performance typically expected from a stand-
alone Linde—Hampson process; the recovery of cold exergy from the LH, BOG stream improves
the thermal matching across the cold box. The corresponding specific energy consumption of the
charging process is 0.23 kWh per kg of liquid air, and the figure of merit — the ratio of the minimum
reversible liquefaction work to the actual charging input — is 77.2%.
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Figure 15. Exergy flow and destruction across the BOG-assisted LAES system, from the air-compressor and LH, BOG
exergy inputs through liquefaction, storage and the discharge expansion train.

Fig. 15 traces the exergy flows through the system. The air-compressor net input of 7.9 kW and the
LH, BOG cold-exergy input of 5.6 kW drive the process, of which about 2.4 kW is usefully
transferred to the air side through the cold box, giving a liquid-air exergy output of 6.1 kW. On
discharge, the stored liquid air at 5470 kPa and 110.3 K is pumped to 10 MPa, warmed in a
seawater heater to 114.6 K, and expanded through a three-stage interheated expansion train that
generates 2.3 kW, while the warmed BOG is delivered for downstream chemical-exergy utilisation
at 282 Kand 101.3 kPa. The largest exergy destruction occurs in the cold box and in the discharge-
side heaters and expanders, indicating that future optimisation should focus on improved cold-box
design, reduced heat-transfer irreversibility and higher-efficiency expanders. Storing the air in a
pressurised buffer at 5470 kPa rather than at low pressure both avoids the higher boil-off of low-
pressure liquid-air storage and reduces the pressure lift required during cryogenic pumping on
discharge.

6. Thermo-economic results and business model

The economic assessment applies the Annualised Cost of System (ACS) framework, in constant
2026 GBP, with a real interest rate of 0.73% (from a 3.75% Bank of England base rate and 3.0%
CPI), a 20-year economic life and 8,000 operating hours per year. The purchased-equipment cost
of the conventional process equipment is estimated with standard area- and capacity-based
correlations, while the superconducting-magnet and magnetocaloric-material costs follow the
Ansarinasab et al. and Green—Bruce correlations. Table 3 sets out the resulting capital build-up.
The purchased-equipment cost is £519,598. The fifteen 5 T superconducting magnets, costed
through the Green—Bruce field-volume correlation, are the single largest item at £260,107, about
50% of the purchased-equipment cost; the heat exchangers (£155,194) and process compressors
(£60,712) account for most of the remainder, while the magnetocaloric material adds only £1,616.
Applying the direct- and indirect-cost factors gives a total capital cost of £1,554,949.
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Table 3. Capital cost build-up for the whole liquefaction system, from purchased-equipment cost (PEC) to total capital

cost (TCC).
Cost element Basis Value (£)
Heat exchangers area-based correlation 155,194
Compressors (process) system total, 20 kW 60,712
Expander 5 kW, n 0.95 1,861
Helium circulation compressors x 5 units 40,108
Superconducting magnets x 15 stages (MUSS$ units) 260,107
Magnetocaloric material 51.15 kg 1,616
Purchased equipment cost (PEC) sum of above 519,598
Direct costs (DC) 162% of PEC 841,749
Indirect costs (IC) 23% of DC 193,602
Total capital cost (TCC) PEC+DC+1IC 1,554,949

The capital cost is annualised through a capital-recovery factor of 0.0539, and the replacement,
electricity and maintenance streams are added and combined with the hydrogen-loss cost to give
the total annualised cost. Table 4 compares the conventional configuration with the modular
configuration. The modular case lowers the hydrogen-loss fraction from 13% to 1.5% through
cassette-level servicing without a full system warm-up, recovering about £12,420/yr of product;
however, its maintenance allowance is set at twice the conventional rate (30% versus 15% of the
annualised capital cost), and because the capital base is now dominated by the superconducting
magnets this maintenance penalty offsets the loss-recovery saving. The modular total annualised
cost of £151,268/yr is therefore essentially equal to the £151,111/yr of the conventional case: the
modular cost advantage seen under the earlier (under-stated) magnet cost disappears once the
magnets are costed realistically.
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Table 4. Annualised cost streams and break-even liquefaction service price for the conventional and modular

configurations.
Annualised stream Conventional (£/yr) Modular (£/yr)
Annualised capital cost (ACC) 83,846 83,846
Annualised replacement cost (ARC) 30,920 30,920
Annual operating (electricity, AOC) 9,728 9,728
Annual maintenance cost (AMC) 12,577 25,154
Annualised cost of system (ACS) 137,071 149,648
Hydrogen-loss cost 14,040 1,620
Total annualised cost (TAC) 151,111 151,268
Break-even price @ 70/ 80/ 90% — 10.00/8.75/7.78 £/kg
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Figure 16. Equipment-cost composition of the cold-energy-storage (LAES) subsystem, separating rotating machinery
(86.4%) from static equipment (13.6%); the four air compressors dominate, with the cold box (HEX101) the largest
static item.

Fig. 16 breaks down the equipment-cost composition of the cold-energy-storage subsystem.
Rotating machinery accounts for 86.4% of the equipment cost and static equipment for 13.6%, with
the four-stage air-compression train (C1-C4) by far the largest contributor and the cold box
(HEX101) the dominant static item. This confirms that, as in the liquefier itself, the cost is
concentrated in conventional rotating equipment rather than in any novel component, so the
economic risk of the system lies in well-understood machinery.

The break-even liquefaction service price follows from the total annualised cost and the annual
liquid-hydrogen output. Across the 70—90% liquefaction range it spans £7.78—£10.00/kg, which lies
above the UK Hydrogen Allocation Round 2 (HAR2) strike-price range of £4.0—£5.5/kg and reaches
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only the upper part of the £6—£10/kg willingness-to-pay estimated for delivered liquid hydrogen in
transport and maritime bunkering. A single-variable sensitivity analysis identifies the
superconducting-magnet cost, annual operating hours and electricity price as the dominant cost
drivers; because the magnets now represent about half of the purchased-equipment cost, the
commercial case is most sensitive to the magnet specification and procurement route, and reducing
the magnet cost is the clearest lever for improving the break-even price.

On this basis the business case is developed on three fronts. In terms of market positioning, at a
break-even of roughly £7.8-£10/kg the system is not competitive against the subsidised HAR2
range and is viable only at the upper end of the transport and maritime-bunkering willingness-to-
pay, so the route to market depends on premium high-value off-take or on reducing the dominant
magnet cost. In terms of capital structure, the total capital cost of about £1.55 M is dominated by
the superconducting magnets and would require mid-tier industrial project finance or public vehicles
such as the UK Net Zero Hydrogen Fund; the five-unit modular architecture nonetheless supports
an incremental-deployment model in which units are commissioned progressively as demand
grows, each adding capacity and capital cost proportionally and reducing the up-front commitment.
In terms of value proposition, the modular configuration recovers hydrogen product through low-
loss servicing and removes the cold boxes and multi-stream heat exchangers that are common
sources of unplanned downtime in conventional liquefiers, although the higher maintenance burden
of on-site servicing now offsets the loss-recovery saving. The decisive commercial variable is the
cost of the superconducting magnets, which dominate the capital cost and therefore set both the
break-even price and the investment case; reducing it through magnet specification, procurement
or a shared-magnet architecture is the clearest route to improving the economics across the 20-
year design life.

Project Impacts and their realisation

Technical and innovation impact: the project delivered a fully integrated modelling framework for
renewable-powered magnetocaloric hydrogen liquefaction, applying real light rare-earth materials
that considerably improve the sustainability of the system. It demonstrates a credible, supply-
resilient route to solid-state liquefaction using only light rare-earth materials, addressing both the
efficiency limits of conventional vapour-compression-based liquefaction and the resource criticality
of heavy rare-earth magnetocaloric materials.

Operational impact: the regenerator detailed simulation and process-to-system modelling chain
provides a practical design and suitable for optimisation study. Because the regenerator duties are
passed cleanly into a steady-state process model and then into a system-level model, the
framework can explore different demands, operating conditions and sizing scenarios efficiently,
supporting reliable scale-up and decentralised deployment.

Energy-system impact: the BOG-management and cold energy storage subsystem turns an
unavoidable storage penalty into a multi-service asset, recovering cryogenic exergy to liquefy air
for later power generation while preserving the hydrogen for downstream use. The proposed
liquefied green hydrogen system also offers liquefied green hydrogen as a compact energy store,
applying renewable energy while it is connected to the grid for peak-time operation and using stored
liquid green hydrogen for power generation through combustion or fuel cells.

Commercial and policy impact: the thermo-economic assessment establishes a break-even price
within the current UK HAR2 range and a capital structure suited to incremental, project-financed
deployment, providing an evidence base for engagement with hydrogen-market and net-zero
funding mechanisms.
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Realisation route: the proposed route towards realisation prioritises the development of an
experimental setup for a single-stage AMR cryocooler, based on the proposed flow diagram and
operating principles. The setup should use the real light rare-earth material compositions
investigated during the simulation phase of the project. This should be followed by material
characterisation, life cycle analysis under representative operating conditions, and digital-twin
validation of regenerator performance against experimental benchmarks. Once this validation is
completed, system-level optimisation under renewable energy supply should be carried out,
together with refinement of the business case as the technology readiness level advances.

Next Steps and outlook

a) Applying the same material and the same porosity in a passive experimental regenerator
for evaluation of flow-performance characterisation and developing a robust empirical
correlation for helium application as the HTF in that temperature range and similar
regenerator geometry and dimensions.

b) Developing a single-stage setup for the proposed AMR cryocooler applying candidate light
rare-earth Laves-phase alloys, and analysing the performance of the cryocooler and the life
cycle analysis of the materials within the regenerator core.

¢) Validating and benchmarking the one-dimensional regenerator mathematical model with the
setup rig, and validating the expander and pump power assumptions to firm up the cooling
capacity, heat rejection and net electrical demand used in the process and economic
models.

d) System-level optimisation of the renewable, battery and storage capacities against the
liquefaction duty under realistic weather conditions, to maximise the renewable fraction and
minimise the specific energy consumption.

e) Detailed design and pinch analysis of the cold box and exergo-economic optimisation of the
BOG-assisted LAES subsystem at a larger scale.

f) Refinement of the thermo-economic model with confirmed hydrogen-loss fractions and a
sensitivity-led business case, in preparation for a follow-on funding application and a
contained demonstration.
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