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Conditioned Hydrogen Options
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Compressed Gaseous Hydrogen (CGH,)
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Liquid Hydrogen (LH,)
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Liquid Organic Hydrogen Carrier (LOHC)

45
> 4.0
2 £ 35
L =
o 2
> 3 3.0
> o
%E 2.5
© I o0
E’% 1.5
S= 10

0.5
0.0

& Easy handling in given infrastructure u
® © Not flammable / explosive
¢ Very high energy demand for dehydrogenation
¢ High cost for carrier material
O
o
o
< : : : : : [ ]—
10 15 20 25 30 35

Gravimetric energy density [KWhy;, | /K9y conditioned)

OH2 (STP)
CGH2 (350 bar)
= CGH2 (700 bar)
O LH2 (-253°C)
H18-DBT

& NH3 (STP)

© LNH3 (-35°C)
ACH30H (STP)

CGH2 = compressed gaseous hydrogen, CH30H = methanol, H18-DBT = perhydro-dibenzyltoluene (LOHC), LH2 = liquid hydrogen, LNH3 = liquid ammonia,
NH3 = ammonia, STP = standard temperature and pressure

1. Conditioning options — 2. Supply Chains — 3. Assessment — 4. Conclusion




Methanol (CH;OH)
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Ammonia (NH,)
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Production Locations

Central Germany (LOC)

Argentina (ARG)

-

 Central Germany (LOC): PV = 1,100 AFLH; Onshore Wind = 2,600 AFLH

* Northern Germany (GER): PV = 1,000 AFLH; Offshore Wind = 5,000 AFLH

« Tunisia (TUN): PV = 1,800 AFLH; Onshore Wind = 3,500 AFLH

« Argentina (ARG): PV = 1,000 AFLH; Onshore Wind = 5,500 AFLH AFLH = annual full load hours
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Supply Chains
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Assessment Approach

« Supply efficiency based on hydrogen (LHV) filled in tank divided by the
overall chain energy input from well to tank

« Hydrogen supply cost considers the well to tank costs and is
calculated with the annuity method

» Depreciation equals the technology lifetime

« Real weighted average cost of capital set to 6%
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CGH, Filling — 2030
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CGH, Filling — 2030
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CGH, Filling — 2030
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(* = heat demand for the reconversion is supplied internally by using the needed energy fraction from the released hydrogen; ARG = hydrogen production in Argentina (Patagonia); CGH2 = compressed gaseous hydrogen supply
chain; CH30H = methanol supply chain; GER = centralized production in North Germany; LH2 = liquid hydrogen supply chain; LOC = local production directly at the airport in Central Germany; LOHC = liquid organic hydrogen
carrier supply chain; NH3 = ammonia supply chain; Pip. = pipeline import; Pipe = pipeline distribution to filling station; Ship = ship import; TUN = hydrogen production in Tunisia; Truck = truck distribution to filling station
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LH, Filling — 2050
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@ Storage
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© Efficiency

(* = heat demand for the reconversion is supplied internally by using the needed energy fraction from the released hydrogen; ARG = hydrogen production in Argentina (Patagonia); CGH2 = compressed gaseous hydrogen supply
chain; CH30H = methanol supply chain; GER = centralized production in North Germany; LH2 = liquid hydrogen supply chain; LOC = local production directly at the airport in Central Germany; LOHC = liquid organic hydrogen
carrier supply chain; NH3 = ammonia supply chain; Pip. = pipeline import; Pipe = pipeline distribution to filling station; Ship = ship import; TUN = hydrogen production in Tunisia; Truck = truck distribution to filling station
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Conclusion

« Gaseous hydrogen supply chain is the lowest cost option for a supply of gaseous

hydrogen filling stations
~ 5 €,0,0/kQcans & 60 % (2030)

 Liquid hydrogen and gaseous hydrogen supply chains are the lowest cost options

for a supply of liquid hydrogen filling stations

 LOHCs (dibenzyltoluene), ammonia and methanol as a hydrogen carrier appear to be
not a viable option for a hydrogen supply of filling stations caused by the heat demand
for dehydrogenation/cracking, the educt cost (LOHCs and methanol) and purification
losses (ammonia)

« The hydrogen supply by a national production (by offshore wind power) shows only
slightly higher cost than the import from North Africa (e.g., Tunisia), while the average
local hydrogen production for gaseous filling shows partly significant higher cost
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Detailed Supply Chains
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Optimized Hydrogen Production

Energy Profiles Electricity Electricity H, Production Compression Storage H, Supply
Generation Storage

1 BAT I
Wind - I I
Wind I
Turbine I
[
[
[

Yy .

» PEMEL [~ COMP > PT/CAV —> CGO’;'SL
2

Solar

BAT = Battery; CAV = Cavern; COMP = Compressor; GH, = Gaseous Hydrogen; PT = Pressure Tank
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Key Assumptions

Year PV Onshore Wind Offshore Wind PEMEL
DN 2030 400 (310-570) 1,110 (1,010 — 1240) 1,890 (1,750 — 2,020) 860 (580 — 1,230)
[€2020/kWe)] 2050 270 (170 — 350) 990 (860 — 1,140) 1,620 (1,320 — 1,930) 510 (350 — 760)
- - - 0 — 0
Efficiency 2030 67% (63 — 69%)
[KWhy L/ KWhe | 2050 - - - 71% (67 — 74%)
Seasonal storage capacities: Filling station capacity rate:
« Local (LOC) scenario: 15 days « Baseline: 50%
« National (GER) scenario: 30 days »  Progressive: 60%
* Import (TUN & ARG) scenario: 60 days » Conservative: 40%
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Technical Assessment

__9H2mnozzle

nsupply chain Qoverall

Qoverall = Yproduction + Gconversion T CIstorage + Qtransport + Greconversion T CIfill

Qproduction = Qproduction,ideal + Qproduction,losses

Rs Tcomp l ( Pout ) ( Pin )]
oy = ——— |z, In(——2—) — z; In|—2—
CIcompresswn Neomp out 1.0135 bar n 1.0135 bar

Annex

35



Economic Assessment

Coverall = Cproduction + Cconversion T Cstorage + Ctransport + Creconversion T Cfill

__ ACAPEX;+OPEX;
Csection,i —

Mmpya2, fill,annual

WACCyoq (14WACCreq)) %
(1+WACCyeq)%i—1

ACAPEX; = CAPEX;

1+WACCpnom
1+INFL

WACCyeq =
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CAPEX Calculation

. \% 2,500 T _
— 1 i
CAPEXl -_ ﬂnst f;:nfl CAPEXref <C ) = . R
ref 2 2,000 1 [ e
é . . ile
E 1,500 + . Minimum
>
w
<
< 1,000 +
e = scaling factor E
: 500 +
e (C, = capacity of plant 1 o
e (C,er = capacity of reference plant o0l

e CAPEXj j,st = installed 2020 € capital expenditure plant 1 2020 2030 2050

e CAPEX,.s = capital expenditure for reference plant
e fi,n = inflation factor (adjustmend to 2020 €)
e finst = installation factor (includes equipment, materials, construction and engineering)

Year
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LOHC CAPEX

c _ CAPEXpoHc WACCreqi (14WACCyeqy)*LOHC
LOHC — I (De)Hydrogenation Plant
CycleLoHCannual (1+WACCreal)dL0HC_1
ﬁ-- Storage
ey Import Ship
CyCleLOHC annual — 8760 _/ tLOHC cycle Gss——=/& Transportation Truck
.:.l]ul]nlj Refill Station
Ses—ol Use HDV
t =Y ¢
LOHC,cycle i=1%
tyy tg
LOHC gepnyar Baaaa  OHC LOHC enyar %@ 556 LOHC genyar
- LOHC gapyer 12 t 8 LOHC gy =
Ly ilsje— mas ans aas «— Mag" |
Tl —— e, e memam W ——p el
t, LOHCu ty t —y LOHChqr S—
anaad ] 555
LOHCq LOHC,yy  LOHCyq I51GT0)
ts ty LOHC, ¢
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