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Pilot Development Progress to Demonstrate

Electric Thermal Energy Storage (ETES) Using
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* Introduction of Electro-Thermal
Energy Storage (ETES)

* Component Developments
* System Integration

* Qutlook for ETES Scale-Up
e Summary
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Economic Long-Duration Electricity Storage by Using Low-Cost Thermal

Energy Storage and High-Efficiency Power Cycle (ENDURING)

Particle lift

Module Capacity

B e ENDURING System:

* Particle thermal energy
storage for low-cost, large
capacity long-duration
energy storage.

A9 e Scalable for 0.01-20 GWh
‘?‘#fﬁ._q storage, 10-400 MW,
generation

Thermal energy
storage

Fluidized bed heat
exchanger (discharge) 4

Decoupling energy storage and power generation ensures independent variation
of power capacity and storage duration, serving scalable storage needs



Why Long Duration Energy Storage (LDES)?

Enhance grid resiliency

Shift to variable renewable energy

generation will create supply/demand
imbalances I
Energy storage needed to provide g;‘;z?fy
balancing on different timescales: Cost
S/ MWh

Daily — peak hours

Primary technology: Li-ion batteries

Multiday — weather anomalies
Primary technology: Long Duration Energy
Storage

Multiweek — seasonal mismatches
Primary technology: Hydrogen

Adapted from 2

(43

Hydrogen:

best for
Li-ion: best multiweek
for intraday LDES: best
for multiday
20 200 —

Storage duration (hrs) =———————>p

NREL | 4



Electric-Thermal Energ
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(a) ETES system
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Module Capacity
135 MW, Power
26 GWh, Storage

(b) NREL ENDURING LDES System )

Storage (ETES) for LDES

. Particle lifting by skip hoist

. Electric particle heater for charging

- Load following capability

. Thermal energy storage (TES) at ~1,200°C

- 900°C AT increases storage density

- Silica sand at $30-40/ton

- Low-cost containment

- Storage (media+silos) cost of ~$5/kWh,

. Fluidized bed heat exchanger for discharging

- Direct particle/gas contact

. Power generation

- GE 7E.03 combined cycle

Demonstration project: validate and demonstrate scalable thermal energy storage NREL | S



Pressurized Fluidized Bed

Development History and Technology Gap

Demonstration and Integration

e Addressing Customer Questions

* Validate system integration & controls
* Verify innovative charge heater and
discharge fluidized bed heat exchanger
designs at commercially relevant scale
* Advance technology to TRL 6

ARPA-E DAYS ENDURING Project
e ETES system design with

laboratory prototypes. 2019'2022

SETO Projects on Particle CSP

* Pumped Thermal Energy Storage
* Enclosed Particle Solar Receiver
* Industry Process Heat

y
2012-2019
SETO SunShot and Gen3 CSP develop Particle-Based CSP

* Developed particle-based storage
* Supercritical CO, power cycle

1980s-1990s

B&W demos 70 MW

(PFB) System Technology impacted

NREL | 6
by downturn of coal.



Comparison of LDES Technologies

Size (MW) 10-400 150-500 >100 0.1-50 1-20
Duration (hours) >10 to 100 >6 to 10 >6 to 10 1-4 4-8
Round-trip efficiency 40%—-70% 40% -60% 70%—85% 85% 70%
Response time Minu;::ri\)fvarm Minutes Minutes Sne]i(;?;:z- Sne]i(;(zj::z-
Life cycle ++ ++ ++ + —

Power system cost* | $700-$1,500/kW | $1,000—-1,500/kW [$600-$2,500/kW

$300+/kWhe | $500/kWh,
Energy storage cost| $4-$10/kWh. | $150-$300/kWh, >$60/kWhe

Siting flexibility 4 — — ++ ++

ETES Benefits: Large capacity, low storage cost, flexible siting:
- Separating power system and storage favors LDES to expand storage capacity economically.
- With spinning reserve at hot start, ETES can respond rapidly to synchronize grid demand.

Reference: Ma, Z., et al. “Electric-Thermal Energy Storage Using Solid Particles as Storage Media, Joule, 2023. NREL | 7



Electric-Thermal Energy Storage for LDES @ ARIES

( Module Capacity h ( Particle Electric Heater ‘ \
( ) 135 MW, Power 25x15x15m . e
i 26 GWh, Storage / ~20,000 kg

Electricity

'\\ @ Charging:
| Particle Electric

Heating Hot Particle Storage Vessel
D:44mH:5.4m - -
U ~ 64,000 kg Cold Particle Storage Container
(3 . : 12x2.4%2.4m
Storage: -~ 40,700 kg
Particle Thermal
Energy Storage Heat Exchanger Vessel
D:24mH:5.9m
O ~22,000 kg

oD!thargmg: Container for power
Fluidized Bed < generating turbine
Heat Exchanger =
0 Air blower for
. pneumatic conveyor |™\
@ Generation: .
. Air-Brayton
Electricity

Combined Cycle

\___ ETESsystem  J\__ NREL ENDURING LDES System A ETES system will be installed at NREL's ARIES platform )
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100-kW,_ Demonstration System

e -
Particle Electric Heater = | Cvel 400 °C .
25%1.5x1.5m = Baghouse | yclone 0.084MPa | 7T Particle
~20,000 kg | 400°C . Air/Particle
: Charge Electricity
i Heater i"'o"'l Electric in .
I'0.4-0.7 kg/s "‘““" TES Capacity: 6 MWh;
I 1015 °C 2
Hot Particle Storage Vessel i 015 TES Hours: 10+ hours
D:4.4mH:5.4m " . @ .
64,000 ke Cold Particle Storage Container £l Net Power: 100 kW,
12x24%24m S K in Ay
[ . ;
40,700 kg 2 | om9kgs : Heater Rating:  300-500 kW,
g | 1004 T—=2 0.8 kgls
Heat Exchanger Vessel 2 Cyclone 950 09(]:
m%g&ﬁm g | 0.45 MPa
=22 N A4
Container for power | 079 kg/s T ey -
generating turbine | 560 °C — Iﬁ%)l:v_eur Unit Electric out
! gfs e
Air blower for |
pneumatic conveyor [\ i 0.48 MPa
. 0.5kgls 0.05 k
| 011MPa | 05 kg/s
| : 30°C
A / | 0.15 MPa
P — E

Compressor
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SiC Heating Elements

Firebrick
(thickness =0.2 m)

Heating \/‘/)

Insulation Layers and Outer

A36 Steel Shell Casi

(thickness = 0.4 m)

Elements

Steel

Particles used: W3095 Granusil (825 um)

Target particle temperature rise: from 200 °C to 1050 °C
Heating elements material: SiC

Insulation material: Firebrick, CaSi

Major Components: Electric Particle Heater

Cold Particles

Hot Particles

NREL | 10



Major Components: Hot Storage Bin

Pressure vessel \

» Storage capacity: ~32,000 kg
* Hot sand temperature: 1015 °C

cast * Total energy stored: 33.36 GJ
Firebricks  Storage duration: 25 hrs
* Heat loss (over 24 hours): 3%
* Pressure: 0.48 Mpa
sand * Inner height: 5.4 m
* Inner diameter: 2.16 m
Firebrick layer (thickness = 0.2 m)
Stationary
Sand

CaSi layer (thickness = 0.5 m)

Steel

NREL | 11



Major Components: Fluidized Bed Heat Exchanger

Air outlet
Pressure vessel \/_

CaSi
\

Firebricks — |
Freeboard region —|

Particles flow |
through L-valves

Baffle — |

Sand particles |

in HX bed

Air distributor /

Cone-in-cone _—
hopper

Particle outlet

™~

Air inlet

HX outer pressure vessel diameter 3.22m
HX bed diameter 2m

T of Particle entering HX 1018.13 °C
T of Particle exiting HX 268.17 °C
Heat transfer from particles to gas 670.4 kW
Gas outlet temperature 1003.13 °C

Firebrick insulation layer (thickness = 0.2286 m)

CaSi insulation layer (thickness = 0.368 m)

Steel

NREL | 12
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Freeboard region —|

Particles flow
through L-valves

Baffle— |

Sand particles
in HX bed

Air distributor — |

Cone-in-cone __—
hopper

Particle

or Components: Fluidized Bed Heat Exchanger

Air outlet Hot particles —»®) ¢ @ of ® )
/‘ \. e
)

— Fluidized bed

-l-l-l-l-l 88 1 A — Packed Bed

* Direct contact fluid-solid fluidized bed heat exchanger

* Mixed bed operation

e Thermal stratification along the bed height

* Using larger particles to increase fluidizing flow rate without
significantly changing the fluidization regime and achieving
higher heat transfer.

™~

. . NREL 13
outlet Air inlet |



Component Scale-Up and System Integration
_ALLIED

PR e | Bw BABCOCK
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THERMAL

A_Compressor for

particle transport
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NREL’'s ARIES Platform for Energy Storage Research

ARIES configuration and ETES addition

ESIF HPC, Visualization and

Dynamometer
Flatirons Campus. T
20-MW Substation
Drymarmcsme

NREL ARIES (Advanced Research on Integrated Energy
Systems) Facility

e Wind and solar generation (2 MW)

e Electrochemical batteries (1 MW)

o Specialized grid computational simulators

e Controllable grid interface at 7 MW and (soon) 20 MW

Demonstration of grid integration, ° Secure controls and communications with a

hybrid integration, and mitigation of gybersecfjt”ty erlnwat'on netwtork rols and
. . . ! . ommunity-scale energy system controls and power
grid congestion and disruptions. N e




Summaries

» Developed system components and projected
that the component designs meet the cost and
performance targets for demonstration and
technology to market.

» The ENDURING LDES system provides power
for several days by low-cost, high-performance
storage cycles, addressing grid storage needs
by enabling large-scale grid integration of
variable duration alternative energy sources,
thereby increasing their grid value.

» Five awarded patents, 8 published journal
papers, and a book chapter to support the
particle-based ETES development.
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