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sCO, based Pumped Thermal Energy Storage System

= Electrical Grid reliability at risk as we move ,
away from traditional energy sources and = Echogen’s sCO, based PTES technology

increase dependence on renewable energy
sources.



Commercial Scale 10C Installation



lce-on-Coil (IOC) Technology

e |OC mainly consists of
embedded tube banks in static
bath of water.

 Charging: Saturated CO:, at
about —3°C to -5°C, flows
through the embedded tubes
causing the water to freeze on
the outer surface of the tube
’g%nsiently while vaporizing the
2.

* Generating: Relatively warm
COz2(about 20°C) flows through
the tubes causing the ice on the
outer surface of the tube to melt
while the CO:zis cooled to
saturated liquid conditions.

Tank = 130”LX40”"WX28”H = 630gal



lce-On-Coil Lab Test - Single llne P&ID

Charge (ice making): 1-2-3-4-
5-6-7-8-9-10

=  Generate (ice melting): 1-2-3-
7-6-5-8-9-10

= Three main control loops:

(i)CO, flow control: Transfer pump
VFD

(i)CO, supply temperature
control: Electric heater

(iii)lOC CO, pressure control:

PCV438 backpressure modulating
control valve

=  Testloopis wellinstrumented

= |ce mass: Using level
measurement (LT440)



Installed |OC Test Loop Pictures

a. 10C with tube bundle

a. 10C with tube bundle




Lab Test IOC Dimensions

Tank = 130”LX40”WX28”H = 630gal

Tank water vol = 545gal (with coils and
headers installed in the tank)

IOCPhysical Dimensions

|OC one (1) tube length (ft) 100

Number of serpentine coils 12

Number of tube in one serpentine 10

|OC tube OD (in) 0.5
|OC tube wall thickness (in) 0.035
Vertical tube-to-tube distance (in) 2.156
Horizontal tube-to-tube distance (in) 2.063



|IOC CO,, Temperatures

CO, discharge temperature, both during charge and generate test, is around 0°C.




|OC Water Temperatures
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|OC Heat Transfer Rate

10C Heat Transfer Rate
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|OC Pressure Control

Stable control of IOC Pressure during charge and generate tests.




IOC CO,, Mass
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The test IOC module was installed on LoadCells for continuous CO, mass hold-up monitoring
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In calculating ice fraction, assumed all the ice is formed on the tubes - ighoring headers and IOC structural
components.




lce-On-Coil: Max Ice Test

Water level

Ice thickness

Ice mass

Ice fraction




lce-On-Coil: Ice Formation



lce-On-Coil Project: Transient Model Development

e GT-Suite 1D simulation for CO, side heat transfer and
pressure drop estimations.

e Echogen built in-house FORTRAN code for water/ice side
heat transfer estimations.
* CO, side heat transfer correlations:
e Single-phase: Dittus-Boelter
* Two-phase condensation: Dobson (1998)
* Two-phase evaporation: Yoshida (1983)

* Water side Lumped heat capacitance model.



|OC Transient Model: Validation

* The developed model was
validated against test data.

Model Inputs (I0C Physical Dimensions)

Number of tubes 12
Tube OD (mm) 12.7
Tube wall thickness (mm) 0.889
Length of tube (total) (m) 30.48
Length of tube single element (m) 0.924
Tube-to-tube distance (mm) 53.34

Boundary conditions

CO, inlet temperature or quality
CO, flow rate
CO, I0C pressure
Initial water temperature

Model outputs verified
CO, outlet temperature
Mass of ice
Heat transfer rate
Average water temperature



|OC Transient Model: Validation: -3°C Saturation (3.21MPa)



|OC Transient Model: Validation: -4°C Saturation (3.13MPa)



|OC Transient Model: Validation: -5°C Saturation (3.046MPa)



|OC Tube Bundle Design Optimization based on
Validated Model



Summary

e Design and installation of closed-loop sub-scale |IOC system
complete.

e Commissioning and operation procedures completed.

* Tested the installed IOC for charge and generate cycles in various
test configurations.

* Lab scale tested |IOC was about 8.5kW,, module.
 Repeatability of test results confirmed.
 Developed the transient model for IOC system.

e Validated the model against test data.

* Transient model is being actively used to size IOC for commercial
scale PTES systems.
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