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Energy Storage Impact

Energy storage is the key to decarbonizing 

electricity and transportation

More details in my recent paper:

A. Henry, R. Prasher, A. Majumdar, Nat Energy 5, 635–637 (2020)



System Energy From PV (%)
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P. Denholm, R. Margolis, Energy Policy, 35, 2852–2861 (2007)

The Storage Problem



Electricity → Heat (storage) → Electricity

Electricity in

Electricity out

Like a battery

System with 

thermal storage 

and conversion 

What is Thermal Energy Grid Storage (TEGS)?



Electricity → Heat (storage) → Electricity

Why would anyone 

ever do this?

System with 

thermal storage 

and conversion 

A Thermodynamic Crime!

Storing heat can be 

10-100X cheaper than 

storing electricity!

Can be 100% efficient

going from lower to 

higher entropy

Can never be 100% 

efficient going from 

higher to lower entropy



100% concentration of active species 

Low energy per active atom

Disordered, simple scrap material

Impurity tolerant

Low concentration of active species

Large energy per active atom

Special, pure, organized materials

Impurities and byproducts are bad

250-695 kWh/m3 $150-400/kWh

DG 1/2 mv2

300-600 kWh/m3  $4-77 kWh

Why is it so cheap? – Atomistic Insight



Liquid silicon storage

Cp = 950 J kg-1 K-1

Cost = $1.5/kg

DT = 500°C

Cost/Energy = $1.5/kg ÷ (Cp*DT) = 

$11.4/kWh-t 

At 50% efficiency

Cost/Energy = $11.4/kWh ÷ 0.5 = 

$22.8/kWh-e 

Liquid iron storage

Cp = 444 J kg-1 K-1

Cost = $0.11/kg

DT = 500°C

Cost/Energy = $0.11/kg ÷ (Cp*DT) = 

$1.8/kWh-t 

At 50% efficiency

Cost/Energy = $1.8/kWh ÷ 0.5 = 

$3.6/kWh-e 

Simple Estimate



Volume to surface area ratio

t = m*Cp*R = r*V*Cp*L/kA

For tanks of order 10 m 

t on the order of months

Lose < 1% of energy stored 

per day

Heat Leakage?



What Materials? - Atomistic Insight

Ceramics!

Key New Idea = Liquid Metal + Ceramics

What about corrosion?

The hotter the faster/worse!

Si melts at 1414°C
Fe melts at 1538°C

Molten metal dissolves metal

Like 

Sugar water dissolves sugar



“Sun in a Box” TEGS-MPV

Electricity → Heat → Electricity Water Cooled MPV 

with Integrated Mirror

Multi-Junction 

Photovoltaic (MPV) 

Power Block

MPV Module

Unit Cell

MPV Can Be Retracted Dry Cooling Unit

Electricity From 

Any Source 

Powers Heaters



How Are You Going To Pump It?

VL

VL VG

VG

VL VGPump

Shaft

Reservoir

Piping

Network

Gears inside

C. Amy et al., Nature 550, 199–203 (2017)

Pumping at 1350°C



• Turbine 
• Doesn’t currently exist

• Large barrier to new turbine deployment 

• > $100M of R&D

• New materials + New HXs

• Min-Hour response time to full load

• MPV 
• Much lower barrier to deployment

• Lower cost < $0.5/W-e 

• Similar efficiency (50-55%)

• Fast response time (seconds)

• Fundamentally new cost/learning curve

• Lower maintenance

Turbomachinery

vs. 

MPV

Low Priced 
Electricity Input

Joule 
Heating

Inexpensive 
Thermal Storage

[$20/kWh-e]

High 
Temperature

Liquid Metal HXs

High Efficiency
Combined Cycle (~60%)

Higher Priced 
Electricity Output

Why Use MPV Instead of a Turbine?
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FIG 4| A – Modeled efficiencies of 1- and 2-junction

cells as a function of junction bandgap (the

bottom junction is used, for the 2-junction cells), for

several different emitter temperatures. B – Optimal

top-junction bandgap for the 2-junction cells as a

function of the bottom junction band gap.
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FIG 7| Cross sections of two candidate designs for the 2-junction

TPV cell to be developed for the proposed system.

K. L. Schulte et al., Journal of Applied Physics 128, 143103 (2020)

Why Multi-Junction Photovoltaics?
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Qblackbody = 1.95 MW/m2

Qtungsten = 689 kW/m2

Qabove_BG = 213 kW/m2

Qbelow_BG = 476 kW/m2

Qgen = 89.4 kW/m2

Qbelow_BG = 18.7 kW/m2

Powerout = 123 kW/m2

FIG 2| Breakdown of energy transfer and conversion for a
nominal emitter at 2150°C. Comparing the MPV power output
to all of the power extracted from the emitter (i.e., all
absorbed light above and below the band gap), including 4.6
kW/m2 for convection, yields an efficiency of ~ 52%.
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Efficiency = Powerout ÷ Qtotal =

123 ÷ (123 + 89.4 + 18.7 + 4.6) = 52%

System Efficiency

C. Amy et al., Energy & Environmental 

Science, 12, 334 (2019)

• <1% loss in electronics for heater

• ~1%/day loss in heat leakage

• <1% loss in parasitic load

• ~ 50% roundtrip efficiency (RTE)



System Cost

Cost = CPE*time + CPP
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• ARPA-E Project

• Build a prototype

• Pumping

• 2500°C Heaters

• Emitter evaporation/deposition

• Cell redesign/optimization + fabrication

• High current density

• High reflectivity (> 98%)

• High efficiency(> 50%) 

• Long term testing

What’s Next?



HYDROGEN PRODUCTION FROM METHANE

17

Steam Methane Reforming (SMR)
+

Water-Gas Shift (WGS)

CH4 + H2O → CO + 3H2

CO + H2O → CO2 + H2

CH4 → C + 2H2

Direct Thermal Pyrolysis

All Gases Gas + Solid Products 

CH4 H2

The plugging problem



THE REACTOR CONCEPT

18

CH4 C(s) + H2
Carbon Black (CB)

Protrusions create eddies 

to prevent CB contact

CH4

CB
H2

H2

CB

LDHX

H2

Sn

Sn

• Lower cost H2 $0.5-1.50/kg

• No CO2 emissions

• We now know how to make it

• We know how to pump Sn(l)

• Produces carbon black

• No corrosion – No plugging!



THE COMPELLING ECONOMICS
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PRIOR WORK – LAYING THE FOUNDATION

M. Plevan et al. Int. J Hydrogen 

Energy, 40, 25, 8020-8033 (2015)

Wetzel’s Group 

at KIT in Germany

Tin Solves the 

Plugging Problem
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The PI’s Group - C. Amy et al., Nature, 550,199–203 (2017)



PRIOR WORK – LAYING THE FOUNDATION

21

> 2000°C Heaters
For T < 500°C For T > 500°C

Union Joints Elbows

Valves

Pumps

ElbowsUnion Joints

Valves

Pumps

Ar plasma arcing through 

insulation



TASK 1: REACTOR DEVELOPMENT

22

Detailed reactor modeling:

• Predict profiles of temperature, 

species concentration and 

bubble size density in reactor

• PDAEs in time, vertical position & 

bubble size coordinate

• Software: Jacobian (equation-

based modeling system) & 

DAEPACK (numerical engine)

• Incorporate detailed reaction 

kinetics models for methane 

pyrolysis via, e.g., CHEMKIN

• Optimization-based experimental 

design with reactor model for 

model discrimination and 

parameter estimation

• Cycle of design, experiments, 

validation

CB 

H2 Outlet

CH4

Inlet

Liquid 

Tin 

COMSOL Modelling

Guided Experimental Design
Temperature

(Kelvin)

2000K

1600K

1200K

800K

400K



TASK 2: CENTRIFUGE DEVELOPMENT

23

Spinning 

Reservoir

Stationary 

Reservoir

Platform 1

Platform 2

Gap for tin 

extraction

Bearings

AORC



TASK 3: CONTINUOUS REACTOR SYSTEM DEVELOPMENT

24

Before Pumping

q

While Pumping

q

rgh

P2-P1 = rgh

P1

P2



TASK 4: INDUSTRIAL SCALE SYSTEM MODELING

25

Liquid Droplet 

Heat Exchanger 

Model

Full System Model for Performance

Carbon Black (CB) Hydrogen Technoeconomics

Thermoset binder

Steel-
reinforced 

concrete

Unreinforced 
concrete

Yu Qiao (UCSD) 

Construction Material



PROGRESS TO DATE

SiC vs. Graphite Reactor?

Zirconia-based insulation

Alumina-based insulation

Silica-based insulation

CFC support for column

Stainless steel strut channel

Mock reactor (water)
Agilent 990 

Micro GC



A. Henry, R. Prasher, A. Majumdar, Nat Energy 5, 635–637 (2020)

Top 5 Problems in Thermal Science & Engineering

Coal Oil NG Biofuels/waste Nuclear Hydro Other/Renewables

Coal

Oil

Natural 
Gas

Biofuels/
Waste

Nuclear

Hydro 
[2%]

Other 
Renewables 

[2%]

FIG 1| Global primary energy usage by

source for the year 2016, taken from the
international energy agency’s (IEA) World

Energy Outlook.2 For 2016, global energy
usage was 518.5 Exajoules.

27%

32%

22%

10%

5%

HEAT

Global primary energy usage in 2016 

– IEA Energy Outlook



High Energy Density Thermal Storage

System Energy From PV (%)
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P. Denholm, R. Margolis, Energy Policy, 35, 2852–2861 (2007) I. Gur et al. Science, 435, 1454 (2012)

EV’s use 35-40%

of the battery 

capacity for space 

conditioning



Reinventing Cooling

G. Velders et al. PNAS, 106, 27, 10949-10954 (2009)

Global CO2 emissions ~ 37 GtCO2-eq → HFCs could become 10-25% of the problem!

~10%

~25%



Decarbonizing the Industrial Sector
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Future Opportunities
1. Increase thermal efficiency of 

current processes

2. Zonal heating (e.g., electrical 

induction)

3. New redox processes

• Electrochemically

• Chemically (e.g., H2)

• Thermally

Electricity: 25%  Transportation: 14%  Industry: 15% → Cement: 5%  Steel: 4%   Aluminum: 1%  Hydrogen: 1% 



Zonal Heating and Cooling

Building

Local Wearable

T. Hoyt et al., Building and Environment, doi:10.1016/j.buildenv.2014.09.010

Space heating and cooling ~ 13% of US energy usage



Long Distance Transmission of Heat

building energy goes to heating at < 60°C

~ 60% for residential 

~ 32% for commercial

Residential

Commercial

Can we use this?
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QUESTIONS?
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