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Hydrogen as a fuel
Low density at ambient conditions: 0.08988 g,,,/L

Low volumetric energy content: 3 Wh/L vs 9500 Wh/L (gasoline) @
vs 11 Wh/L (methane)

High gravimetric energy content: 33.3 kWh/kg vs 12.9 kWh/kg (gasoline)
vs 15.4 kWh/kg (methane)

High diffusion coefficient in air: 0.61 cm?/s vs 0.16 cm?/s for methane

Main problem of H, storage: Increasing density of H, at low cost, high energetical
efficiency and over many use cycles in the same system
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Contemporary hydrogen storage methods

* Contemporary:
* Pressurized (41 g,,,/L at 273.15 K and 700 bar)
* Liquefied (70 g,,/L at 20 K)

Energy Density
[KWh m-3]
 Likely to be applied in close future: 250
* Low-pressurized (up to 14 g,,,/L) in salt caverns 5228
e High- i I 400
High-pressurized B 450
(up to 52 g,,,/L at 273.15 K and 1000 bar)
https://www.fibatech.com/2014/11/24/type-2-hydrogen- D. G. Caglayan, et al. Int. J. Hydrogen Energy 45, 11 (2020)
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Production price of pressurised H, tank for mobile
applications

* 700 bar H, (Toyota):

* 147 L, 5.6 kgH,

e Considerable weight of
carbon fibre (up to 107 kg)

* From 4300 to 2650
USD/system

10k Systems per year: 500k Systems per year:
$22.94/kWh w $14.07/kWh
e

* 350 bar H.,:

* 245 L, 5.6 kgH,
* Suppliers did not reflect
LHRABANES QI RGR Estem

Single tank holding 5.6kgH, usable, cost in 2007%

= $50 s m System Assembly
S  $45
= : M Balance of Plant (BOP) Items
i
B - W He Fill & Leak Test
~ $35 |
"J,' - m Hydro Test
(] $30
o - M Boss (Materials & Proc.)
$25 +
GEJ - B Full Cure (Cure #2)
45 $20 T
> g s M B-Stage Cure (Cure #1)
w T
— - I Fiber Winding
S s
|2 ss | m Composite Materials
&0 I | | | | B Liner Annealing
10,000 30,000 80,000 130,000 500,000 = Liner Formation (Material &
Systems per Year el

B. D. James et al., Final Report: Hydrogen Storage System Cost Analysis, 2016, Stratetic Analysis Inc.
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Production price of cryosorption tank for mobile
applications

T T e e e R e S S ____________________J

Aluminum Inner Vessel |

|
| -
: MOF Adsorbent : e e e e N s | Fuel Tank i
| with Hexcell Heat e ’J___ i— —— ; Tr__ —_—————— __________l Controller ——————"= :
* 5.6 kg of H, stored at 100 bar | | e .50 S ;
[ o Salm - -4
2 : \ 1 " 1 valve ql ffh: 80- 180K valu?__ PRY :
|

|
|
(3 I :
and 77 K i | #'.31125]— ok | o B,
;-I’,_ \ by = ET ba Ran. |

 Adsorbent (metal-organic M
framework): ” OF i I i * -
e From 15 to 25% of total cost ek (i 34 § ml
=% H2 to Fuel Cell | | Zﬁ E
® 32 kg —>* H2 Feed :Eln:ni ?Hz Receptacle E E
» 165 L Al storage vessel 4 seny s
Transmitter signal ;L‘iitamp
e From 33.5t0 16.2 USD/kWh ; L____
Total Cost (2014 S/system)
Name Quantity 10,000 30,000 80,000 100,000 500,000
TOTALS = $6,298.80 54,645.80 53,822.44 S3,675.59 S3,051.65

B. D. James et al., Final Report: Hydrogen Storage System Cost Analysis, 2016, Stratetic Analysis Inc.
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Cryocompression of H,

e Storage around 77 K and 500 bar to increase
volumetric density

e Decreased need of carbon fibre for same
amount of H,
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Ahluwalia at al., 2019, System Level Analysis of Hydrogen Storage Options, Argonne National Laboratory
Ahluealia et al., Int. ). Hydrogen Energy 43 (2018) 10215
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Price of underground H, storage

* Underground pipes:
e 7 -100 bar
* 90% working capacity
* 500 t-H, storage and 50 tpd usage

* 2.17 USD/kgH,, from which 95% CAPEX
* Price based on ~6.5 vears of operation

51,000
[l Pipe, Coating % Shipping
$900 - 1 [ Pipe Installation
L‘l\ [ Site Preparation
- 24” 0.D. Pipe, 40 ft. Long||
'g 4700 | $172 9
- . S oo
:Esm ] 5116 iﬁ %5.?
g e | |
519500 1 Sent
- = 5142 5163
Bsa00 ; . -
$456
$200 1 PIEL|  leone 5363
$100 -
50
20 30 40 w 80 100 Site Preparation

Pipe schedule

R.K. Ahluwalia at al., 2019, System Level Analysis of Hydrogen Storage Options, Argonne National Laboratory
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Price of underground H, storage

Breakdown of Main Capital Costs  Breakdown of Capital Cost, (150 atm P,__,)

e Salt and lined rock caverns: =
e Geographically limited m; o
* 500 t-H, storage and 50 tpd i"’“ e EA TP
* Lined rock: / P E B
* 0.36 USD/kgH,, 85% CAPEX w1 | j

75 100\@/200 250

e Salt cavern: k- el P oo, Cosls

¢ O 2 U S / kg 0 C Breakdown of Main Capital Costs  Breakdown of Capital Cost, (150 atm P,_,)
$50.0
. 1 D H 2 y 7 5 /O A P Ex D Underground 1 Above ground En.in;emg .
- 50 T r . . ; i | Brine disposal P":;P;:ﬂl Lat
$40.0 1 $38 38
g H 8 536 $37 : :
| {1 5.9
€ 40t e T
o £$300 | P G0 — N
5 £ | coa 08 T—
@ 301 & = Underground costs  Above ground costs
2 85200  |sa1 88 N
o 3 B
- 5 I
_ 14
§ $10.0 bt 315-5 $20.1
‘: 10 ‘
= s00 o/
00 2 140 170 190
; Max Storage Pressure, atm Brine costs
50 40 £ 50 i a0 30 109 MIT=Mechanical Integrity Testing
Rock Mass Rating (RMR'89)

R.K. Ahluwalia at al., 2019, System Level Analysis of Hydrogen Storage Options, Argonne National Laboratory
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H, storage and transport fuel efficiencies

* Converting H, to liquid or alternative
fuels causes considerable efficiency

losses

* Production involves converting H, to

transport form

Storage method

Liquid H, (direct comb.)

Liquid H (fuel cell)

Liquid Hj (fuel cell)

MCH (dehydrogenation, direct comb.)
MCH (fuel cell)

NH; (direct combustion)

NH; (direct fiel cell)

NH; (decomposition, fuel cell)

NH; (direct fiel cell)

Production

73%3E
85%°
85%
589
58%
58%

679%™

Transportation
959"

95%

95%

10034

10094

9896]

0838

08%

93%

Utilization

65%
26562
459"
60%6"
65%
6096

T0%6

A. T. Wijayanta et al., Int. J. Hydrogen Energy 44 (2019) 15026
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< ! e
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=
g ]
-l
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=]
= E
=
Theory E To 480 bar, 300K
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Low\ High
———————— Tech Val Program: Compression Energy from
actual T Onsite Production H,: Low, Average, High
- ctua H2A Projected for Compression to 440 bar
_g Air Products Estimate for Compression to 440 bar
(=]
wn
(3] To 440 bar, 300K
Theory
To 350 bar, 300K
T T T T T T T

0 2 4 6 8 10 12 14 16
Energy Consumed for Compression and/or Cooling Hydrogen from 20 bar, 300 Kelvin
kWh,/kgH,

M. Gardiner, Energy requirements for hydrogen gas compression and
liguefaction as related to vehicle storage needs, 2009, DOE Hydrogen
and fuel Cells Program Record



Lower pressure, higher efficiency

* If H, Is stored at low enough pressures (< 35 bar) no additional compression
after production is required

S 20%
L
-
-
S 15% _________/
> /
g / [ Adiabatic
o 10% — = e T et Multistage
5 M= T — — — —lIsothermal
E ~ .-
o 5% = N Pp———— ————— _—
S g
£ ’%
o
© 0% -
0 200 400 600 800

Final Pressure [bar]
U. Bossel et al., Energy and the hydrogen economy, US DOE, EERE



H, based transport fuels

. |liquidhydrogen | Ammonia | LOHC (MCH) |
Toluene:
. . Flammable; acute flammable;
* Ammmonia and LOHC potential Tyl (00 S | ey
. . . or flame visibility pollution; corrosive Other LOHCs can
alternatives to gaseous or liquid
Conversion and reconversion Current: 25-35% Conversion: 7-18% Current: 35-40%
H energy required*** Potential: 18% Reconversion: < 20% Potential: 25%
2 Integration with flexible  Utilisation of

Technology improvements oouchian plant electrolysers; improved  conversion heat;
o efficiency; boil-off Selity ;

* Price Iincrease with increased RS management sl |l
Green Ammonia AHEAD; Chiyoda;

d IStan Ce C O rre I ate S WI t h Selected organisations iy B consortium; IHI Hydrogenious;
d : : Fortescue Metals S _
. . . eveloping supply chain Corporation; US Framatome;
decrease In eff ICIENCY

Hrenp:du Baade Department of Energy ~ Clariant
* Inland pipelines < 3500 km with

H, and ammonia on ships in ; B
case of > 1500 km cheaper

* Includes a 3 USD/kgH, / 2 z

prOdUCtlon prlce 06 1000 2000 3000 4000 5tl00 00 1000 2000 3000 4000 SﬁOO

km km

Pipeline Ship

USD/kgH,
USD/kgH;

s
s

= Hydrogen LOHC =——Ammonia
The Future of Hydrogen Seizing today’s opportunities, IEA Technology report 2019
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H, based transport fuels

’ In Case Of IIqUId Hz’ ammonla Technology Parameter Units Hydrogen Ammonia
and IIqUId Organlc hydrogen Pipelines* Lifetime years 40 - 40

Distance km Function of supply route

carriers (LOHCs) high cost is Desinthioughut Kby | GHizso  Boo
assoclated with conversion Gas density gim’ : -

Gas velocity m/s 15

and re CO nve rSion CAPEX/km USD million/km 123 2.;32 o._55

Utilisation % 75% 75% 75%

) In Case Of ammonla and The Future of Hydrogen Seizing today’s opportunities, IEA Technology report 2019,

Assumptions annex

LOHCS, reconversion cost S. Baufumé et al., Int. J. Hydrogen Energy 38 (2013) 3813

Distribution Hydrogen reconversion

. . . :;:; Hydrogen conversion o 25 = 25
Involves H purlflcathn 5 20 5 2
2 % 3 20 3 20
=]

» For short distances building  * . / .
H, pipelines or refitting / i I
natural gas pipelines forH,a = B

Vi ab I e S O I u ti O n Lique- LOHt Amm- Truck (LOHQC) ——Truck (ammonia) | . | . |
faction onia ~——Pipe (100 tpd) Pipe (500 tpd) | Centralised | Decentralised |

® CO”S'derable CAP EX Of The Future of Hydrogen Seizing today’s opportunities , IEA Technology report 2019
pipelines

LOHC |
LOHC |

0 100 200 300 400 500

Liquid H |
Liquid H; |

km

Ammonia
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Hydrogen storage methods under development

e Under research:

* Chemically bound (up to 150 g,,,/L reversibly)

* Advanced adsorption systems:

* Increase of volumetric H, density
e Adsorption capability near-ambient temperatures
« Optimised adsorption interactions and enthalpy of ¢:*es *e* *es** 0% “"=—

adsorption

Graphene

Q.-L. Yan et al. Nanoscale 8 (2016) 4799

Graphene oxide

ol
o0

oo "‘"..

e _® 8 0 00 _ o 4 o

Carbon dot
M.U. Niemann et al.
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. . Hydrogenation
Ultrafine hydrides 7
- - sy — ¢ 130 bar
. ‘ B 52
* Nanoparticulate (4-5 nm) MgH,,: %S 5
. ;4_ ultrafine
* MgCl, + 2LIH MgH, + £ MgH,
2LICI (in THF) ‘3,
u N m i
e Ultrasound for stimulation of §— 1] / bukMgH,
formation % PRy | 0 |
. | " | e il SRty DANIIARA WS N T 30 60 90 120
H, release and uptake at low Temperature (°C)
T-s and pressures H, release 10 .
system B ® G[“%-Mg(BH“)a@rGO[‘Z]
* 65.6 g,.,/L from pressed bulk MgH, = wonfoct
pe”ets | This*work : MgH,/Ni-CMK-3(%) MgHz‘;TziCLam MgH,/K,NbF 157
. ultrafine MgH, TR 00 oo B gonts

At 80 C rehydrogenation
within 20 min

* Very low equilibrium |
pressures near ambient AL GNOF i @0rH vt @i srogo
temperature 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300
Temperature (°C) Onset desorption temperature (°C)

1

1 Mg(BH,);@MgH,/G""\gH, /CeH, ,/Ce0,%

'MgHg@iD carbon®®! LiBH‘,;’MgHz@RF-geI'm
Mg@PMMA®?!

INaAH,@Ce0, HNTsE Colloidal Mg!*®!
® Mg(NH,),-2LiH/K-LiTiOF!

2Mg(NH,),-3LiH-4LiBH, 5"

Intensity (a.u.)

L

H capacity (wt%)
O—\Nwh(.IJ‘IG)\ICDQOD

X. Zhang et al. Energy Environ. Sci. 14 (2021)
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Nanoconfinement of hydrides at UT

L NaAlH, wt% Pristine 10 cycles
100%
60%
10%

* Bulk hydrides have various
limitations application-wise

* Confinement of hydrides in the
porous structure of carbons:

/" _.-}---| Degradation of material
during de-/hydrogenation
cycles a considerable

4 problem

Integrated volume of released H,
normalized with NaAIH, / wt%

o - N w L (3] o] ~
¥ LU T v LN T LI ) I T 7 T

* Considerably lowers the I
temperature of H, release 17
e Supports the formation of of | o ®

amorphous/small particles
during cycling

* Inhibits the formation of
crystalline Al phase

~
Bulk NaAlH,
/V

b
Hooydes | “3Bylk-deposited NaAlH,
{_—hanoconfined NaAlH,

Intensity / a.u.

110 cycles

R. Palm et al., Microporous Mesoporous Mater. 264 (2018) 8
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Nanoconfinement of hydrides at UT

E) 1.4
= L2
* Multiple-step H, process s
* H, release step from truly B oof
nanoconfined hydride: <

* Very quick H, release kinetics 00 Wil

B=2°Cmin’

Bulk

Nanoconfined

Bulk-deposited

500

0 100 200 300 400
* H, release near ambient or at o
ambient conditions . Towet | Dpana f=1°C min’
. . O | Bulk-deposited
* H, release at suitable conditions & 12 - - —Ipeak
. . % L = = =[] peak
for PEMFC applications 300 e
o e = = = IV peak
%D 0.6 I . = — =V peak

K. Tuul et al., Reactions 2, 1 (2021) 1
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