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Projections for global final energy
consumption in 2050

2018 2050 with current policies Changes needed to limit
warming to 1.5°C
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Hydrogen has potential as a zero-

carbon fuel
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Hydrogen production by source and

application by sector, 2018
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Estimated shipment of water ARSI ST TSI EES
electrolyzers, 2018
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Source: BloombergNEF.
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Forecast levelized cost of renewable
hydrogen production from large projects

LCOH of renewable H2 production from large projects
2019$/kg
5.0
45
4.0
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3.0
2.5
2.0
15 Fossil fuel derived H,
1.0
0.5

0.0
2019 2030 2050

Source: BloombergNEF. Note: The range for fossil fuel derive hydrogen reflects current costs.
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Both equipment and electricity willbe =~
cheaper

LCOH of renewable H2 production from large projects

2019%/kg Conservative 20198/kg Optimistic
4.57 4.57
3.72
2.09 2.09
1.40 2.90
253
0.36
1.46 :
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28 b (UCK]  [OFE1 Equipment . - ereie)  pemmg CCUIPMENt
(Wl [O4 Electricity (0ets] [OGrS Electricity
PEM Alkaline PEM Alkaline PEM Alkaline PEM Alkaline PEM Alkaline PEM Alkaline
2019 2030 2050 2019 2030 2050

Source: BloombergNEF. Note: The project scale is assumedto be 2-3MW in 2019, 100MW in 2030, 400MW in 2050. The results in the conservative-scenario are
based on electrolyzers powered by PV alone, while the optimistic results are based on a PV-plus-wind power source. In 2019, the conservative and optimistic cases
for alkaline electrolyzers corresponds to projects adopting Western-made equipmentand Chinese-made equipment, respectively.
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The price of electrolyzers has been
falling

Benchmark system capex based on large-scale electrolyzers, 2014 and 2019
Alkaline Proton Exchange Membrane
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Source: BloombergNEF
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Electrolysis systems cost 83% lessin =~
China
Benchmark system capex based on large-scale electrolyzers, 2014 and 2019

Alkaline Proton Exchange Membrane
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Source: BloombergNEF
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Installation volume and price of PEM fuel cell
systems under Japan's Ene-Farm program
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Source: Japan METI, BloombergNEF. Note: The power ratings of the systems are in the range of 700-1,000W.
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Great potential for further cost
reduction of electrolyzers

Forecast of electrolysis system capex (2019%/kW)

2019 2030 forecast 2050 forecast
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1 1
1 1
1 1
1 1
1 1
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Source: BloombergNEF. Note: The two dashed boxes indicate thatPEM electrolysis system capex for large projects is derived from cost estimates for 4AMW PEM
systems, and should be considered as a hypothetical value
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Renewable electricity cost continues to
fall

Utility-scale PV LCOE Onshore wind LCOE
$IMWh (2018 real) $/MWh (2018 real)
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Source: BloombergNEF. Note: The gray range representsthe global diversity ofbenchmark LCOEs. These figures exclude curtailmentand subsidies.
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Learning rates of PV and wind LCOE

Lowest LCOE in the U.S. for PV and wind (2018%/MWh)
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Source: BloombergNEF.
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Increase in PV build and reduction in
LCOE from demand for renewable
hydrogen, 2050

Cumulative installation (TW) PV LCOE (relative)
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12 92% 80%
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3 i ' 20%
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(NEO 2019) hydrogen hydrogen
(conservative) (optimistic)

Source: BloombergNEF. Note: PV capacity here in DC.
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Increase in wind build and reductionin .~
LCOE from demand for renewable
hydrogen, 2050

Cumulative installation (TW) Wind LCOE (relative)
15 - " 100%
100% 98% -

12 88% 80%
9 60%
6 40%
3 59 20%

3.0 3.2
0 0%
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Source: BloombergNEF. Note: Wind capacity here refers to onshore installation.
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PV

Source: BloombergNEF.
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A system with storage DC-coupled with

PV

PV inverter
PV module array (mono-directional)
T
EEEEEEEEEE - AC

Bl ==

DC-DC converter
(directional)

l TDC
alin

Battery array

Source: BloombergNEF.

Transformer

Grid

16

BloombergNEF



LCOE forecast for electrolyzers, 2030
and 2050 (2019%/MWh)

PV Wind PV+wind
2030 24.1-25.6 25.8-27.9 25.5-27.4
2050 14.8-15.9 14.9-16.9 15.0-17.0

Source: BloombergNEF. Note: The electricity cost is for captive renewable power plants designed for electrolyzers.
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Green hydrogen will be cheaper than
grey hydrogen

LCOH of renewable H2 production from large projects
2019%/kg
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Source: BloombergNEF. Note: The range for fossil fuel derive hydrogen reflects current costs.
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A variety of storage options exist

Hydrogen storage options and levelized cost of storage, 2019
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Source: BloombergNEF.
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Hydrogen will need to be stored at
similar scales to natural gas

Natural gas storage as % of annual demand
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Source: Oxford Institute for Energy Studies, Bloomberg, International Energy Agency (IEA), Japan Ministry of Trade Economy, Trade and Industry
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|\/|ajOI’ W0r|d Salt depOS|tS

Salt basin
Salt basin with domal salt

Source: Solution Mining Research Institute, published in Blanco andFaaij 2018, A review at the role of storage in energy systemswith a focus on Power to Gas and
long-term storage, Renewab le and Sustainable Energy Reviews Journal
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A variety of storage options exist

Hydrogen storage options and levelized cost of storage, 2019
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Source: BloombergNEF.
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Prices across the board should fall in

future

............

Hydrogen storage options and levelized cost of storage, future best case
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H, transport costs based on distance =~ . .
and volume, $/kg, 2019

Volum e (tons/day)

1,000
Large
100 pluiiabsarluainei e .
Distribution pipelines Ships
wa (@ (U] ® -9
10 0.05 - 0.06 0.06 -0.22 0.22-1.82 < 3.00 3+
Trucks
Small ; J - ] Lo J Wnviable
14 0.65-0.76 0.68-1.73 0.96 - 3.87 3.87-6.70
Very CGH CGH o LOH
small QFQ QFQ LOHC QF@ Unviable
0.65-0.76 0.68-1.73 0.96 - 3.87 3.87-6.70
0 ; ; ; {
1 Local 10 Urban 100 Inter-city 1,000 Inter- 10,000
continental

Distance (km)
Source: BloombergNEF. Note 1: Ammonia assumed unsuitable atsmall scale due to its toxicity. Note 2: While LOHC is cheaperthan LH, for long distance trucking, it

is less likely to be used than the more commercially developed LH,. Note 3: assumes saltcavern storage for pipelines.
BloombergNEF
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H, transport costs based on
distance and volume, $/kg, future best case

Volum e (tons/day)

1,000

Large

100

Mid

10 A

Small

Very
small

Distribution pipelines

....................................

Ships
0.05-0.06 0.06 -0.19 0.19-1.44 <2.00 2+
Trucks
g ] - ] 3 Wnviable
0.54 -0.56 0.56 -0.75 0.75-1.51 1.51-2.62
CGH CGH i LH
Con gy B, ., @m0
0.54 - 0.56 0.56 - 0.75 0.75-1.51 1.51-2.62
Local 10 Urban 100 Inter-city 1,000 Inter- 10,000
continental

Distance (km)

Source: BloombergNEF. Note 1: Ammonia assumed unsuitable atsmall scale due to its toxicity. Note 2: While LOHC is cheaperthan LH, for long distance trucking, it
is less likely to be used than the more commercially developed LH,. Note 3: assumes saltcavern storage for pipelines.
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Hydrogen delivery fuel cost scenarios, . . .
2019-2050

$/kg of H2 (2018 real) $/MMBtu (2018 real)

5.0 37.2

Storage

Transportation Electricity source for

4.5 33.5

Production the electrolysis
4.0 29.8 reaction

3.5 26.0 (C) Curtailment

(PV) Utility-scale PV

3.0 22.3
) (W) Onshore wind
.5
186 (PV+W) PV-plus-
2.0 14.9 onshore wind
1.5 11.2
1.0 7.4
0.5 3.7
0.0

High High High
(C) (W) W) (C) (PV+W) (PV) (PV+W) (C) (PV)
2019 2030 2050

Source: BloombergNEF. Note: The assumptions are detailed for each componentin the tables below. Stack based on levelized costs of production, tansportation
and storage. These fuel prices scenarios are all available in the ‘Market tab of EPVAL, BNEF's projectfinance model.
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TeChnicaI read|neSS Ievel Of USIng
hydrogen in various applications

9 9
8
7
6
I I | | 4

Road Power Methanol Building Steel Industry Shipping Power
transport  generation production heating production heating generation
with fuel cell with gas
- turbine
m Fuel for electricity ®m Feedstock ®m Fuel for heat

Source: BloombergNEF, CSIRO. Note: Technology readiness levelis measured on a scale of 1 (basicresearch)to 9 (proven in anoperational environment).
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Marginal abatement cost curve from usihg:$i/k:gEE .
hydrogen for emission reductions, by sector in 2050

Carbon price ($/tC02)

180

Space and water heating
160

140 Methanol
120 Gas powergeneration

100 :
Aluminum
80 Ammonia

Zero-cost Qil
abatement refining |

0 1 2 3 4 5 6 7 8 9 10 11 12
GtCOylyear

Source: BloombergNEF. Note: sectoral emissions based on 2018 figures, abatement costs for renewable hydrogen delivered at$1kg to large users, $4/kg to road
vehicles.
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S

Potential demand for hydrogen
different scenarios, 2050

Total energy: 195EJ
Total H, demand: 1370MMT

Buildings Space and

106MMT water heating
Power Paaking
439MMT power

99EJ

industry_J GOEMMT

515MMT

Aluminum
/ Qil refining
Methanol

53MMT

Ammonia 219MMT

Buses
Light trucks 123MMT
Transport I —
524MMT Heavy
trucks 301MMT
Ships

Theoretical max

Strong Policy

27EJ
187MMT SAMMT
e_ . BMMT
37TMMT
123MMT
Weak Policy

Source: BloombergNEF. Note: Aluminum demand is for alumina production and aluminum recycling only. Cementdemand is for process heat only. Qil refining
demand is for hydrogen use only. Road transportand heating demand thatis unlikely to be metby electrification only: assumed to be 50% of space and water
heating, 25% of light-duty vehicles, 50% of medium-duty trucks, 30% of buses and 75% of heavy-duty trucks
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BloombergNEF (BNEF) is a leading provider
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