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Item:

This record addresses the range of energy requirements to compress and/or cool hydrogen
(Hy) for storage onboard a hydrogen vehicle. Two physical hydrogen storage methods
are considered: Hj gas compressed to high pressure (350, 700 bar) and liquid hydrogen
(LH,). Theoretical minimum energy requirements are determined from exergy
differences using the standard properties of “normal” hydrogen (25% para-H; spin
isomer) as reported by the National Institute of Standards (NIST) [1]. In all cases it is
assumed that H; gas is initially generated at 20 bar (290 psia). The theoretical energy to
compress hydrogen isothermally from 20 bar to 350 bar (5,000 psi or ~35 MPa) is 1.05
kWh/kg H;, and only 1.36 kWh/kg H, for 700 bar (10,000 psi or ~ 70 MPa). Greater
compression energies are required to fill vehicles in practice due to compressor
inefficiencies and heating during fast fills. DOE Technology Validation Project data for
compression from on-site H, production is 1.7 to 6.4 kWh/kgH; [2]. Additional energy
required for pre-cooling (as cold as -40 C)[3] to ensure on board fast fill temperatures are
85 C or lower can be modest (0.15 kWh/kg H,)[4].

The minimum theoretical energy to liquefy hydrogen from ambient (300 K, 1.01 bar)
conditions is 3.3 kWh/kg LH; or 3.9 kWh/kg LH, with conversion to para-LH, (which is
standard practice) [1]. Actual liquefaction energy requirements are substantially higher,
typically 10-13 kWh/kg LH,, depending on the size of the liquefaction operation [5,6].
Novel liquefaction methods such as an active magnetic regenerative liquefier may require
as little as 7 kWh/kg LH; [6,7]. For comparison, the lower heating value (LHV) of
hydrogen is 33.3 kWh/kg H,. Compression energy requirements from on-site production
range from approximately 5 - 20% of LHV. Liquefaction (including conversion to para-
LH,) with today’s processes requires 30 - 40% of LHV, while theoretical energy
requirements for 700 bar and LH, storage span a range of only 4-10% of LHV
respectively.

Background:

The majority of hydrogen vehicles on the road today store H, gas in fiber composite
wrapped pressure vessels with service pressures of 350 bar (5,000 psi). Some vehicles
store H, in vessels with service pressures as high as 700 bar (10,000 psi) or store
cryogenic LH; at low pressure (2-4 bar). High pressure vessels are required to have a
factor of safety of 2.25(US) to 2.35(EU) [8]. Reducing the energy for compression,
cooling and/or liquefaction of H, for storage can help minimize the upstream energy
consumption of hydrogen vehicles.




Due to compression heating, overpressures are required to achieve a complete fill when
rapidly refueling with high pressure H, gas. A 350 bar system can require an
overpressure as high as 440 bar and the maximum vessel temperature must be limited to
85°. Pre-cooling is not usually needed for 350 bar fills of 5 kg H; in less than 5 minutes.
Several factors contribute to the need for pre-coolng. Some examples are ambient
temperature, tank capacity, design, and vessel Type. Aluminum lined Type III vessels
have faster heat transfer from the warm gas and more heat capacity than Type IV vessels
with polymer liners. The latest draft of the document SAEJ2601 (Compressed Hydrogen
Vehicle Fueling Communication Device) lists precooling for 350 bar vehicles. 700 bar
fast fill systems can require an overpressure as high as 880 bar with pre-cooling as low as
-40° C (233 Kelvin) [3].

Data and Assumptions:

This record presents theoretical minimum, estimated, and reported energy requirements
to refuel automobiles storing H, gas at 350 bar or 700 bar, as well as cryogenic LH,.
Theoretical calculations assume H, generated at 20 bar (290 psi) and 300 Kelvin before it
is compressed and/or liquefied. If H, were only available at ambient conditions (1 atm,
300 Kelvin), an additional theoretical minimum of 1.02 kWh/kg H, would be required.
In practice, considerably more energy is required for mechanical compression from
ambient conditions to 20 bar.

Table 1 (with references) presents the energy required for storage of hydrogen at three
different conditions (350 bar, 700 bar, 1 bar at 20 Kelvin). Of particular note are the very
modest theoretical storage energies. Compressing hydrogen (isothermally) from 20 bar
to 350 bar requires just 1.05 kWh/kg H,, with an additional 0.10 kWh/kg H; to reach a
refueling pressure of 440 bar. Only 1.35 kWh/kg H; is required for compression to 700
bar, with an additional 0.12 kWh/kg H, to reach a refueling pressure of 880 bar.
Beginning with 20 bar H; gas, liquefaction adds a theoretical minimum work of only 2.3
kWh/kg LH;,. An additional, 0.65 kWh/kg LH, minimum theoretical work is necessary
for conversion of equilibrium hydrogen forms (75 % ortho and 25% para) at room
temperature to equilibrium hydrogen forms (99.7%+ para) at 20 Kelvin[6]. If this were
not done, slow conversion of the 75% ortho-H; to para-H,, would generate heat
sufficient to evaporate the liquid hydrogen.

Currently, hydrogen is typically compressed by a reciprocal compressor. At the flow
rates and pressures for 1,000 kg/day hydrogen refueling stations, these compressors can
achieve an isentropic efficiency of about 56% and a motor efficiency of 92% [5]. Using
these values, the H2A Delivery Scenario Model (HDSAM) projects a refueling station
compression energy efficiency of 52% to fill 350 and 49% for 700 bar vehicles. This
corresponds to an energy use of 2.23 and 3.0 kWh/kg H, for compression to 440 bar and
880 bar respectively [9]. The HDSAM model estimates the need for 0.2 kWh/kg H, for
cooling to -40° C for the 700 bar fill. Existing DOE Technology Validation hydrogen
demonstration refueling sites have experienced an average compression energy of 3.1
kWh/kg H; [2]. There is a wide range in this data (1.7-6.4 kWh/kg H,), likely due to the
different types of compressors in use and a range of refueling conditions for these
demonstrations. If one removes the outliers and focuses on 350 bar, the range narrows to



2 to 4 kWh/kg H,. Air Products and Chemicals Inc. (APCI) estimates the need for 2.67
kWh/kg compression energy to 880 bar. They estimate the precooling energy required to
cool hydrogen from 30° C to -20° C for a 700 bar refueling to be 0.18 kWh/kg H, [10].

Hydrogen liquefaction involves multiple process steps and some degree of complexity in
addition to compression. This leads to significantly higher energy requirements and a
broader range of actual energy requirements which vary with liquefaction plant scale.
Peschka [6] estimates an energy requirement of 10 kWh/kg LH, for a conventional LH;
plant with improvements in compression and turbine efficiencies. Bracha shows as much
as 13.3 kWh/kg LH; for liquefaction at small industrial scales [11]. Discussions with
industrial gas companies led to an estimated range of 8-12 kWh/kg LH, for new plants
with capacities of 5,000-200,000 kg LH,/day[5]. The largest liquefier in operation in the
US today is about 55,000 kg LH; /day[10] Current research shows a strong potential to
achieve 7 kWh/kg LH; based on active magnetic regenerative liquefiers[7]. The
technology is potentially capable of lower costs than conventional liquefaction plants
especially at small liquefaction scales (2,000 to 5,000 kg LH,/day) [7].
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Figure 1: Energy Required for Vehicle Storage of
Hydrogen in Different Thermodynamic States
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Table 1

Notes: theoretical minimum energies are in

Color kI:V il.l kg addition to 1.02 kWh/kg H, needed to reach 20
[Reference] | . 309 Kelvin
216}115 Actual | [ | 134[11] | Existing Small Plant (4,400 kg/day)
24 B | 120147 | Existing Medium Scale (<50,000 kg/day)
bar . 8.0[4] Projected Large Scale (200,000 kg /day)
7.0[6] Projected for Magnetic Liquefaction
Theoretical . 2.8911] Conversion to 99%+ Liquid para hydrogen
2.34[1] “Normal” Liquid Hydrogen (25% para)
350 Actual Tech Val Program: Compression Energy
bar . 2,3.1,4[2] | from On-site Production H,.: Low, Average,
and High
700 Actual H2A Projection for Compression and
bar B | 32791 | Cooling from 25°C to -40°C (233K) 3.0+
0.2 kWh/kg)
with Air Products for Compression and Cooling
fast 2.9[10] from 30°C to -20° C (253K) (2.67 + 0.18
fill to kWh/kg)
380 Theoretical | [ | 1.47[1]1 | To 880 bar, 300K
ar
1.35[1] To 700 bar, 300K
350 Actual 2.2 9] H2A Projected for Compression to 440 bar
ar
. Air Products estimate for Compression to
Vf;'st:' B 2000 440 bar
fill to | Theoretical 1.15[1] | To 440 bar, 300K
440
bar 1.05[1] To 350 bar, 300K
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