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What is an Electrolyzer?

Hydroge
DC Power > - ! Lﬁ
Electrolyzer
Wat
i > 1 Oxygen Q

H,O + electricity A H, +% 0O,

Ideal energy = 39 kWh/kg H2, HHV

U Electrolyzers can respond instantaneously to power fluctuations, thus
offering high frequency dispatchability

U For every cubic foot of H, produced, half cubic foot of O, is produced.
U H,and O, are produced at high purity
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Electrolyzer Types

Capacity (kW) Efficiency HHV
Alkaline 171 2,300 72%
PEM 17 130 60%
Solid Oxide pilot scale only 82%

U Alkaline technology is commercially available.

U Proton Exchange Membrane (PEM) systems are available in smaller
capacities, but offer long term performance and cost benefits.

U Solid Oxide Electrolyzers (SOEC) are in development and will offer very
high efficiency and low cost.

All electrolyzer costs are approximately $1000 per kW in MW-scale context.
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Alkaline Electrolyzerg Largest Installations

Norsk Hydr ods 30,38 G150 M)
Electrolyzer Plant (1948 - 1990 )
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Hydrogen Storage Types

Storage Type

H. Storage cost $/kWh*

A Terrestrial compressed tank**

A Deep-ocean gas storage***

A Liquid hydrogen storage**

A Geologic storage (porous rock formations)
A Dry-mined salt caverns

A Solution-mined salt caverns

*using 20 kWh/kg H, (51% HHYV efficiency)
** using H2A components model cost estimates
*** NREL cost estimate
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Power Generation Equipment

Generator Type Scale MW Cost $/kW Efficiency (HHV)
Combine cycle (CC) plant 50 - 550 $550-720 51%
Oxy-combustion CC 50 - 550 $550-720* 62%
PEM Fuel Cells 0.1-1.0 $2,500-5,000 40%
SOFC Fuel Cells 0.01-TBD $4,500 61%

Only PEM Fuel Cells have been demonstrated for H, to power for grid support.

* Oxy-combustion plant is assumed to have the same per-kW cost as CC. Oxy-
combustion has many simplifying aspects over air-combustion CC.

http://www.netl.doe.gov/KMD/cds/disk50/NGCC%20Plant%20Case FClass 051607.pdf
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http://www.netl.doe.gov/KMD/cds/disk50/NGCC Plant Case_FClass_051607.pdf
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100% Hybrid Renewable Storage

SN

Renewable
Electricity

Inverter Demand

Diurnal operation

Electrolyzer

Hydrogen
Power Storage
Generator

Turns on when battery <
~70% state of charge
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30,000 ft View of Storage Pros & Cons

Bulk-energy
Energy storage Round-trip storage cost Ability to be
system type efficiency (non-diurnal) refueled?
Batteries only 80% $700-$800 0
H, only 0%-50% $0.05-$45/kWh Yes
H, & batteries (hybrid) 40%-70% $0.05-$45/kwWh Yes

Note: hybrid energy storage offers
spill over capability for displacing
transportation emissions via fuel cell
vehicles
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Example Island Installatiofving & solar Resource)
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Demand Mismatch (measured data)

Hourly
electricity
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Optimization Methodology

Gradient descent minimization of levelized cost of electricity (LCOE)

Optimization parameters (using HOMER model):

1. Size of solar panels

2. Number of wind turbines

3. Number of batteries

4. Capacity of power electronics

5. Size of fuel cell

6. Size of electrolyzer

7. Size of hydrogen storage
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//upload.wikimedia.org/wikipedia/commons/f/ff/Gradient_descent.svg

Energy Storage State of Charge

——Hydrogen storage energy content—— Battery energy content
(MWh) (MWh)
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Energy Storage State of Charge

Stored energy in batteries (MWh) Total batteries = 9 MWh, $6 8 million

MWh
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Total H, stored = 150,000 kg, $105 million

Stored Hydrogen MWh
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LCOE Vs. Renewables Fraction
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Renewable Fractior

100% renewable fraction solutions resulting LCOE:
- 100% hydrogen = 0.51 $/kWh
- Hybrid hydrogen = 0.43 $/kWh
- 100% batteries = 3.56 $/kWh
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Bestin-class: SOEGalt Cavern, Ox¢ombustion

Plant components
- High i pressure electrolyzer (SOEC)
- Gas storage: solution mined salt dome

- H,/O, turbine
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SOEC, Salt Cavern, G&gmbustion

Hydrogen Production Technolog

Alkaline |[PEM SOEC
Component HHV efficiency 729 60% 82%
Air-combustion CC 51% 37% 31% 42%
Oxy-combustion CC 6294 45% 379 51%
PEM 40% 29% 24% 33%
SOFC 61% 449 37% 50%

Best in class for this location long-term:
- Solid oxide electrolyzer (SOEC)
- Salt cavern storage
- Oxy-combustion CC

- Levelized cost of electricity

$1,000/kW (not available)
$0.08/kWh (not available today)*
$720/kKW (not available today)

= 20.2 ¢/kWh
Note: - ancillary service revenues can rival power production revenue

* Additional storage cost of O, increases cost from $.05 kWh to $.08 per kWh.
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SOEC, Salt Cavern, G&gmbustion

NPV of Equipment Cost (including O&M)

Solar panels

Wind turbines

H,/O, turbine 0
Batteries ]

Power electronics [l

Electrolyzer

Hydrogen storage l|

20 40 60 80 100

Net present value (millions of $)
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Key Technologies

Oxy-combustion hydrogen turbines

o Enables lowcost, highround trip energy storage
o Engineering development required
o No scientific breakthroughs needed

Solid oxide electrolyzers, higphressure

o Enables lowcost, highround trip energy storage
o Solid oxide materials are ideal for highressure operation
(low backdiffusion due to material impermeability)
o Science & engineering development required
oMnnnQa 2F K2dz2NE 2F 2LISNI GA2Y KI O
o High pressure operation has been demonstrated on stacks
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Power to Gas Energy Storage
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: ancillary
: services

Electrolyzer

Inverter

I RECs , Transportation Power Gen. Heating
. .” ........................... .” ........................... .” ............. .

Natural gas pipelines can operate with 10% H, (as much as 20% has been commercially demonstrated)

NATIONAL RENEWABLE ENERGY LABORATORY 22



Questions?
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BACKUP SLIDES
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Hydrogen Storage (Terrestrial)
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300 kg H2
storage in
ISO
containers, in
Pearl Harbor

» Hickham




Power Generation (Fudlell)

1.1 MW Ballard Hydrogen Fuel Cell
@ Toyota Headquarters in CA
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