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%% The importance of hydrogen storage

« Possibility of imbalance between production and consumption of H2
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— Intermittent’ green hydrogen and ‘non-intermittent’ blue hydrogen production
— Hydrogen demand potentially non-responsive to supply

« H2 storage can support decarbonisation of the energy system via integration of variable
renewables
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But hydrogen storage is challenging

4 kg of pure hydrogen in different storage options
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MgH-, Mg,NiHy  H, (liquud)  H, (200 bar)
52.6 kg 111.3 kg 4kg 4 kg

Source: Edwards, Kuznetsov, and David (2007)
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2 K h teristi f jor hyd t ti
Storage forms Chemical Molar mass Gravi- Volumetric Gravi- Typical conditions for H, Typical conditions for storage Typical conditions for Hz desorption/
formulal {g/mol) mefric Ha densi metric Hz {ad+ physi-) sorption’ hydrogenation/ de-hydrogenation/ release
E axample energy (kgém™) density production
?ﬁﬁg (t%%) Tempe- Pressure Energy Tempe- Pressure Energy Tempe- Pressure Energy
rapture (°C) {bar) (kJimol) rature (°C) (bar) [kJJ‘lnDI1Per rature (°C) (bar) (kJimaol)
day)
Compressed hydrogen (700 bar) Hz 2.016 120-142 42 100 Ambient™ Too= ~9.795* Ambient 700 =10 n'a
g e Compressed synthetic CH, 16.043 | 53.6-55.6 ~32.2 ~25.13 250-350* 30-40* ~206* 200-250 =19 700-1000 325 ~165
TS methane! natural gas (SNG) 250 =15
| S w = (250 bar)
2 5% Liguefied SNG ~101.78 »>68 ~19. 008" ~-161 0.3-16 19.06-34.7
.E £ synthetic gasoline (petrol) CgHiz B0-150 4446 4 ~119.8 16 400-500 =200 45581 Ambient Ambient na =500 14 =40
ES
o Synthetic diesel CzHe 198-202 | 4544586 ~119.1 14 700-1500 200-700 ~B0* ~300 48.561
™
S Liquid hydrogen Hz 2.016 120-142 ~70.5 100 -252.8 Ambient =25 g -252.8 >28.3 n'a
~ _ Liguid ammania MH; 17.03 21.18- 107.7-120 17.65 300-500 140-250 ~g2.4* -33 ~1 350-900 1-10 30.6-46
N~ § ! 22_5 __,u_gnt
% = E:E Methanol {(MeQH) CH30H 32 | 201-224 95.04-99 121 200-300 10-70 =41.2* Ambient na 250-900 2550 »70
< 3 5 E Formic acid CH; 0, 46.03 ~4 58 ~53 43 S0-140 6-10 ~34.7* 150-225 ~Ambient ~29.81
g 5 Isopropanal (i-PrOH) C3H:0 60.1 ~34.1 ~25.9 33 20-65 60-200 40-48* 70-195 0.5-1.5 ~61.4
o # | Toluene! Methylcyclohexane CoHa/ C:H,q 9B.185 ~7.35 47.1-474 616 =350 Ambient | 10.5-15.4%* ~350 19 ~G8
o L8 | (MCH)
'g §§ Maphtalens! decalin CapHafCanHie 13825 ~42.97 ~65.4 729 ~280 =100 ~16_ 3 ~240 ~35 | 639683
g = i Benzene! cyclohexane CeHs/CeHiz 84.16 ~39 ~55.9 720 70-150 =20 ~119.5%= ~400 1-8 89-138
= =92 | Dibenzyltoluene (DBTY CaziHzol 260.54 ~12.9 ~G4 6.20 =150 15-50 o i 300-390 =4 ~G65.4
5':! rhydro-dibenzyltoluene CxH
@] 1Mz
© B -
o E g Magnesium hydride MgHz 26.32 9-10.8 B86-109 BT6 260-425 30-300 ~TO.E** Ambiegta nfa-0.6 250-400 ~Ambient 747118
) g=12
g _i g",{ Aluminium hydride AlHz 2099 >36.68 ~145 ~10.1 ~G00 1-350 o 85-140 75135 ~20
8 w £
o
n g @ ABs-type LaMis! LaNisHs 432/438.4 40-80 ~105 1-1.5 20-80 1.5-2.5 12.27-40"*= ~Ambient 16 ~24.3
2 E‘Eg AB:-type Zriding/ ZriinzH 201/202.1 ~100 21538 20-50 30-60 =J[r Ambigiatﬁ 1-250 >29.9
= -
§ EE AB-type TiFe! TiFeH 104/104.7 ~20 =54 300-400 10-65 10-28_ 1% Ambient-40 1-25 10-28
= _i_ #| Alanates MaalH - ~B5 ~54 3554 ~100 8-12 57.4-115%= 85-260 6-66 79-92
§ gég Borohydrides LiBH, 21.78 ~121 ~18.5 &00-700 100-200 56.37-8g+= 300-450 =3 30-59
0 Z| Amides LiMHa 22,95 =54 4552 ~130 >20 ~G5 Jree 285-500 ~Ambient | 404-736
Carbon fibres Ca {CHaN), 12.01 0.8-2 ~18 =544 ~-196- 140 611 ~-196- =250 4412 160-500 56.5-238
o i Carbon nanotubes (zarbon) 510 ambient amient 135325
2 3 Activated carbon CH;O, ~0.0655 16.7 0175 <59
'g Graphens CroHan ~0.9 168-17 1-7.7 =100
5
E £ Carbon aerogel WoOe*nH 0.014- =4 & <63
] 3 0 0.023
E Templated carbon CacHe: ~0.3 =17 5.5-7.3 100-340
Metal-organic frameworks CrzF(H-0=0{BD ~7T09.4 ~0.57 ~11.5 <10 ~100 ~G] 2 15-80 B0-85 ~5 ~78.7
(MOFs) Clha
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Other factors to consider

Volumetric hydrogen density
(kgim®)

kg/m3

Source: Patonia and Poudineh (2023)

Porous materials (carbon
fibres and nanotubes)

m Metal hydrides (AIH3)

m LOHCs {decalin)

m Chemical hydrides (liguid
ammonia)

w Liguid hydrogen
m Liquid e-fuels (synthetic
gasoling)

m Compressed SNG (250
bar)

m Compressed hydrogen
{700 bar)

Gravimetric hydrogen
density (wt%)

Porous materials {carbon
fibres/ nanotubes and
MOFs)

m Metal hydrides
(borohydrides)

m LOHCs (decalin)

m Chemical hydrides (liguid

ammaonia)

m Liguid hydrogen

m Liquid e-fuels (liqguefied
SNG)

m Compressed SNG (250
bar}

m Compressed hydrogen
(700 bar)

1. Available storage volume
(small/medium/large)

2. Speed of injection to/ withdrawal from
vessel

3. Speed for dehydrogenation/desorption

4. Need for carbon management

5. TRL/MRL/CRL

storage

6. Development level of storage infrastructure

7. Corrosiveness/ toxicity/ flammability




Dé Key risk and uncertainties and the task of business model

O

* Two primary risks:

- Demand for hydrogen storage capacity
« Price of utilising hydrogen storage capacity

Revenue Uncertainty

« What is a viable business model?

* A viable business model is the one that is deigned to overcome the key risks to enable investment. In
practice this means allocating risk between government and the private party efficiently.

« Policy and commercial interventions are required to achieve this.
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%‘I% Business model for hydrogen storage

e Market participants make investment in anticipation of profit

and without a government support
Market-based model

e Contract-based models (fixed price or premium)
e Economic regulation (fully regulated, cap and floor)

Revenue model e Obligation-based approach
* Incentive to end users

Regulated

e Government makes direct investment in the hydrogen
storage

e Public private partnership
e Government as the off-taker of last resort

Centrally coordinated model




%% Challenges of designing a government-supported business model

* How much storage capacity is needed?

 Where storage infrastructure needs to be built?

e Governance issues: who should own/operate hydrogen storage?

* How to ensure the party receives subsidies makes efficient investment decision?

 What role competition plays in delivering the business model?

 How to ensure storage infrastructure is used in practice? (and not just built)

 How to recover costs of subsidies for hydrogen storage?

e Should the business model only focus on risk mitigation to enable investment or it
should also include additional features?

 What is the exit strategy for subsidy support (if there is any)?
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Thank you for your attention!

rahmat.poudineh@oxfordenergy.org
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