Salt Hydrate Eutectic Thermal Energy Storage
for Building Thermal Regulation
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Project Summary

L
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Salt Hydrate Eutectic PCMs

Objective and outcome

* Low-cost, high energy-density, stable inorganic
thermal energy storage material systems for

-~ R2:Lattice-Matched |
Nucleation Catalysts

" R3:High Thermal

integrating with HVAC: 5-25 °C Condcchdry
* Develop new low-cost salt hydrate eutectics B Micro-to i

\ Encapsulation
\

* Design compatible additives to enhance robust
performance

» RS5:Shape Stabil- i
<1 mm ization of PCMs

R6: Systems-Level Impact/Perform. ¢

Team and Partners: 4 Dept’s 6 PI's/Co-Pl’s Stats: Performance Period: 04/01/2020 — 07/31/2023
’ DOE budget: $1,547k, Cost Share: $387k

* P.SHAMBERGER - Mat Sci Eng (R1/R2) Milestone 1: |dentify 3-4 salt hydrate eutectics in each of target
* C.YU - Mech Eng (R3) ranges; 08/2021
. i : Milestone 2: Demonstrate decreased supercooling to <5 Cin 2-5
E. PENTZER - Mat Sci Eng (R4) eutectics: 08/2021
* S. SUKHISHVILI - Mat Sci Eng (R5) Milestone 3: Demonstrate graphitic composites with >1 W-m--K-" (up
° J FELTS _ MeCh Eng (R6) to 1000 cycIes, >90 vol.% PCM; 02/2022
Milestone 4: Demonstrate the general ability to shape stabilize nitrate
* C. CULP - Mech Eng / Arch (R6) and chloride salt hydrates (up to 100 cycles, >90 vol.% PCM; 02/2022

Milestone 5: Demonstrate robust micro-encapsulation with >95 vol.%
and <5% degradation over 103 melt cycles; 08/2022
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Problem

Problem Definition: Intermittent power generation and variable

demand have resulted in variable electricity pricing schemes U.S. residential sector electricity
(peak prices are 5 to 40 ¢/kWh higher than off-peak prices). gg'z‘:umptw“ by major end uses,
The largest segment of residential and commercial electricity Space Cooling

consumption (~30 to 35%) corresponds to building HVAC.

To capture this differential pricing, consumers require a low

_ Space Heating
cost, dependable approach to displace use of HVAC to off-peak

hours. Current technologies are limited by the capability and ‘
cost of available thermal energy storage materials.
GL) g 1800 a) 2;::;;;7:’:““1 : 606 5 50% solar, 50% wind 1860 5 100% wind eial
E E = T~ | " I Li g hti ng
Z 600 600 | {
= g OJ\ om TV
m 0 6 12 18 24 0 6 12 18 24 Computers
E g 1800 e) 1800 f)
"E g 120 s ' https://www.eia.gov/energyexplained/electricity/use-of-electricity.php
o— £ | A
2 £ L - s |
w | 1 Odukomaiya, A., Woods, J., James, N., Kaur, S., Gluesenkamp, K. R., Kumar, N., ... &
N % O % N Prasher, R. (2021). Energy & Environmental Science, 14(10), 5315-5329.
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Alignment and Impact

 QOutcomes of this project enable
flexible distributed thermal storage

* Resolve key limitation: low cost TES

materials

 DOE Alignment: Increase demand
flexibility through low-cost energy

storage

Increase building energy efficency
Reduce onste eneérgy use ntensty in

@ buidings 30% by 2035 and 45% by 2050,
compared to 2005

[eReXe)

S

1. Support rapid decarbonization of the U.S. building stock in line with economwide
net-zero emissions by 2050 while centering equity and benefits to communities

Prioritize equity, affordabiiity,
and resilience

Ensure that 409 of the benefis of
federal bulding decarboniation
nvestments flow to deadvantaged
commun

[(®]

Accelerate building electrificati

Reduce onste fossl -based BSONS N
bukdings 25% by 2035 5% by 2050,
compared to 2005

Transform the grid edge at buikdings

Reduce the cost of decarbonzng key
buking segments 50% by 2035 whie
80 reducing consumer

energy burdens

3X by 2050, compared to 2020, to enable a
net-zero grid, reduce grd edge nfrastructure
costs, and improve reslence,

@ Increase bulding demand fiexbRy potential

¢

Increase the abRy of communties to
wihstand stress from cimate change,
extreme weather, and grid dsruptions
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Avg. per capita potential savings
for residential peak load shifting.
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Alignment and Impact: How to Define Success
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J.R. Hirschey, N. Kumar, T. Turnaoglu, K.R. Gluesenkamp, S. Graham (2021). “Review of
Low-Cost Organic and Inorganic Phase Change Materials with Phase Change
Temperature between 0° C and 65° C,” 6" International High Performance Buildings
Conference, virtual online, May 24-28, 2021.

U.S. DEPARTMENT OF ENERGY

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

SUCCESS IS...

A palette of bespoke PCMs
Relevant Temp.: 10 to 30 °C
Low cost: <$2 kWh1

Tech transition through IAB,
licensing, integration in demo
systems

.. iIncluding COOPERATIVE TECHNOLOGIES

Low AT: < 5°C

High k: >1 W-m?1-K1
Robust w/ cycling, time
Shape stable




Approach: R1 [dentify and validate stable salt hydrate eutectics

PREDICTED: Nitrates

CHALLENGE: b P
o H,0 g araffms L
* Vast compositional : . "“""‘“’LuNog 3HZO based
space S | systems
p A mH,O e1 ag_ S“!;r : ,.y‘\ A
 Currently assessed in 5 o0 == —
m .
ad hoc manner | Other Nitrates
A >
Pseudo-binary i ; 120
AmH0+BpHO->L . o
APPROACH: 7 i ph E
o T £ v ootV -
. Bi P do-bi Ae::?O+BpH,O+8qH)O->L Pseudo-temary 2 1 o g;-,qg'».’;m:;;'}- ol s -
inary / Pseudo-binary A mH.0 + B.pH.0 + C.gH:0 > L 200 | St — <
. < sllee =
/ Ternary Eutectics - F|
° Co m p re h e nSive - Mg(NO,); ANNO,), Ca{NO,); Mn(NO,);  Zn{NO,), NaNO, KNO, (NHIND,) 0 + 0
evaluation of nitrate/ ol :
chloride systems ol v
Zn{NO,); y . H 3
- Predictive High Assess the Deep Dive in
Thermodyn. Throughp_ut Validity of Promising
Models Synthesis Models Systems
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Approach: R2 Nucleation particles to decrease AT to <5 °C

High throughput evaluation

CHALLEN(?‘.E: :95%
. Re\./e_r:?‘,lble_ _ % o 71 ) —
solidification in PCMs 5 s N ssonzanao

. E§ ,;f,r;r T +BaBE

* Decrease undercooling is_ SV T sw
. . o A / oz
(higher efficiency) = T s

T Ne—

Temperature {C)

APPROACH:

*  Promote hetero-

Scaled Volume/ Cycling: Isothermal
geneous nhucleation _
 |D stable active

hucleation particles : . I | L
(NPs) | o —

AT /°C

 Use lattice-matching [ 1D esitaxial Search XRD ID / test Dee_ptDive
o epitaxia earc : into
epitaxial approach sur?‘aces databases SElClEE Promising
g Phases
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Approach: R3 Stable thermal conductivity enhancement

CHALLENGE: Evaluate processing techniques

(a) 7 (b) (c)
binders):
* Increase the charge / ( )
discharge time scale e e T B §
APPROACH: “ | il ﬂ i ﬁ
 Expanded graphitic (d) : E SRR iu : ; :
matrices TSR S STE T
* Polymeric binder : .
°¥ te ctbt d.e s/ Long-term cycling behavior:
surfactants to improve .
wetting / stability 2=l y “ lgmgg
- »— 17 vol%
 Scalable processing e I WL
strategies B ..t s ORI s D £ o SR
- The mutt-layer will De s2acked 10 many ayers - Align heat Iransfar paths and graphis plane -,:, i
g 10+ Ssgmssanas = =—3 |
x E 54 .
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Approach: R4 Microencapsulation of Salt Hydrates

0 Addition of Polymer Alkylated
CHALLENGE: v polymer solution  precipitation Graphene Oxide
* Avoid degradation due (<> GO) nanosheets
to water gain /loss s ,‘ Shearing | Core
from the atmosphere ~="\ D Mg a0
~NT oo o T TR
APPROACH: ¢ . ° | Palymer
* PCM-agnostic o 9”0
microencapsulation
based on Pickering Mg(NO3)2'(H20) Capsules
emulsions "
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Approach: RS Thermoreversible Shape Stabilization

CHALLENGE: Shape stablllzatlon above T Polymer

chains

* Avoid phase segregation

* Retain shape to integrate
for use in heat
exchangers

, mlo

T<T,,: Solid PCM in salogel T>T,,: Liquid PCM in salogel

APPROACH:

 Thermoreversible
physical gels (Allows for

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

Reversible gelatlon above Tge

:ﬁ Mlo" u p— M
T>Tg: Salogel transforms to liquid

Removal of |
1
.......................................................................... -

spent PCM :

T, — melting point of salt hydrate PCM
Tgel — g€l to sol transition temperature

higher-T filling) B o I 5 J[CHZ-S:HTLCHZ-S:H | o —HG

« Use hydrogen-bonded- L e OH |, 0 =0
network forming * 4 YGl Y9 E;O NH, |
polymers (PVA, PAAM) dm

 Low polymer PVA PAAM

concentrations to retain
heat of fusion, T
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Progress: 1) Newly Developed Eutectic Families

) -, ( 00 .
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) I O i | « Family of binary eutectics

} v ;E L 1

2 s & § $20 e

i : L . CaCl,-6H,0 — X
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Progress: 2) Eutectics are Generally Stable to Cycling

Zn(NO,), 6H,0 + X +Y +Z Melting Temperatures:
§ alc A 20 ' 37“3)
.E ; A 36 g T =5 o D o [+ TN
re 00 100 o e
D(_G .E O+Talc 8 O+Talc B 35
__ S 80
= : _ 34
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¢ 332 g
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3 “
< ‘ N
= —
=8 20 20 £32
(S
O E 5
Z 40 45 15 20 25 30 35 S 10 15 20 25 g (©
Temperature (*C) E 24
'-_

 Stable over 100-200 cycles

* Ongoing: Evaluate stability of
salogels

0 20 40 60 80 100 120
Cycle Number
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Progress: 3) Nucleation Particles Developed for Eutectic Systems

Isothermal Nucleation Rates

ZNI-'IT';"'"' o ' ' '
S5 i E
<  |ZNH-KNO,T . _Neat . 9
o F---- 3 el _ _ _ - - - _—— T — - — - Z — — — E”
© + Talc
8_ . 0O ZIO 4I0 6IO 8;0 .l(I)O 150 1;10 16IO 18I0 Z(I)O
& Aging Time (Days)
L 15 F -
« NPs effective for eutectics
o PN o 2 - *  Generally can focus on primary phase
+ Tale « Stable against thermal aging
5T P72 =8 1 ¢ Demonstrated for:
10° 10t 102 103 10% 10° * Zn(NO3),-6H,0
Time (S) d CaC|26H20
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Progress: 4) Stable thermal conductivity enhancement

H-bonded network forming polymers 14
(a) (b) (c) i
S w0
-’;‘ 8
g .
?llll
£ .
“ ..E ¢ 7vol% IOVDI% 14 vol% 20vol% 25 vol%
(d)
« Infiltrated Salt Hydrates into expanded i ¢ B St :
graphite lattices T
« High k at low vol. fraction é?m_‘I;v.,:”‘»‘.;‘ SRR | 5
Degradation of thermal transport with R et I I
cycling 1 lay, R |
«  Less dramatic in presence of R e
thickeners dl e
s = <]
*  Ongoing: Evaluate Roll-to-roll Processing R T
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Progress: 5) Thermoreversible Shape Stabilization

H-bonded network forming polymers Ca(NO;),-4H,0 Zn(NO;),-6H,0 + NH,NO;
80 90 . - . .
3 Wto/O PVAQOK,QB Q 80 . I;
60} o 70 L
8 CNH Tm Q 850. No gelation =
< 40} S50 w
5 () S 401 " G
20} £30 4
'220
0_0 104‘-___,.. ------------------ T, Eutectic
« Effective for multiple nitrate hydrate 0 01 02 03 .
systems (Zn, Ca, ...) BloraK GVI5) % wt PAAM
*  Equivalent chemistries work for family 2w PVAG I . i _
of eutectics Sis0lo © © 0 & 50 grop *7T o S
* Initial success with CaCl,-6H,0 5 e |
el 21001 € @ &5 © a0 2"
:: % 80 |
e s % 60f
* Ongolng. § 50| 30 3 ! _
*  Polymer blends for stronger gels = ! . 20} P
«  Evaluate the effect of gel in 0 01 02 03 N
Borax (wt%) % wt PAAM

stabilizing robust systems
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Progress: 6) Microencapsulation of Salt Hydrates

«  Switch to double emulsion process:
modified 2-step emulsification
method to decrease capsule
porosity

* Ongolng:
»  Evaluate processing conditions to
(ncrease yield dense capsules

Step One anary Emulsnon Formatlon (W/O!) I

w/o,
Patymee O» O O
Solvent A 0 O

« 20 surfactant (C6-GO)
= Polymer {PMMA)

Salt Hydrate

I Step Two: Double Emulsion Formation (W/0,/0;) |

4 w/ol

O L0 | v [ O |0 ©
O OO Hydrophobk o © o

Surfactant
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Primary Emulsions:

10% AcN




Progress and Future Work: Summary

500

50

Cost Energy Density ($-kWh1)

o
o1
o

20 40 60 80
Melting Temperature (°C)

« Developed 2 families of binary

eutectics

+  Zn(NO,),-6H,0 — X
. CaCl,-6H,0 - X
 Demonstrated general strategy
for cooperative technologies

U.S. DEPARTMENT OF ENERGY
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3-5 mL cells Cold Plate

ONGOING:

Evaluate sub-scale robust cycling behavior

Clarify interactions (+/-) between different
constituents

Pair w/ IAB members or university/ lab
partners to demo PCMs in sub- or full-
scale battery
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Project Execution

Planned:
Spent:

R1.1 Ternary NO; eutectics

R1.2 Ternary Cl eutectics

R1.3 Mixed ternary eutectics

R2.1 Identify nucleation catalysts
R2.2 Stability of nucl. Catalysts

R3.1 Optimize graphite layer

R3.2 Fabricate multi-layer composites
R3.3 Fabricate encapsulated composites
R4.1 Encapsulation of salt hydrates

R4.2 Cyclic performance of capsules
R4.3 Incorporate nucl. catalysts in capsules

R5.1 Form PVA/PEO salogels
R5.2 Add crosslinker to tune T,

R5.3 Validate long-term stability of gels

R6.1 Lumped thermal model
R6.2 Component-level thermal model
R6.3 Validation of TES components

G/NG 5 Yr2, Q2

I salogel consisting of >90 vol.% PCM for proto-typical nitrate hydrate eutectic and chloride hydrate eutectics. l

Budget Histor

BP 1: 04/2020 - BP 2: 08/2021 - BP 3: 08/2022 -
07/2021 07/2022 07/2023
DOE Cost-share DOE Cost-share DOE Cost-share

$466,749. $163,058. $533,090. $110,212. $546,717. $113,369.
$466,749. $163,058. $533,090. $110,212. $317,776. $113,369.

yr1 Yr2 [ Yr3 I Future
Qi Q2 Q3 Q4 a_ Q@ Q3 Q4 Q1 Q2 Q3 | Q4
> > D = I Start date: 04/01/2020
<12a> 1.2b,c 1.2d> e
— _ s Planned end date: 07/31/2023
<2.13 2.1b> <2.1¢
[ | <2.23>
Bl I

5.2b> 4 mo. no-cost extension at end of BP1
=4 lated to slow-start due to limitations
=& Zaib> W i L relaie : _
<M> | <> in lab associated with COVID
<4.3a> <4.3b> .
<55 S @ S — =i protocols. After this, tasks, Go/No-
- == Go’s remained on schedule.
2> Z6.1b> ] I 1 i

Are the posed PCM discovery approaches converging on acceptable PCMs? Identify eutectic nitrate PCMs which maintain high volumetric density (>80
kWh/m3), while reducing cost to <$10/kWh.

Is undercooling generally surmountable in salt hydrate PCMs through ID of appropriate nucleation catalysts? Demonstrate DT < 5 C in (a) ~2to 5
nitrate hydrate eutectic phases, and (b) ~2 to 5 nitrate chloride eutectic phases of interest.

Can lamellar graphitic PCM composites increase directional thermal transport, while sustaining repeated melt cycles? Demonstrate effective thermal
conductivity of >1 W-mK-1 for >90 vol.% PCM, and survivability for >1000 melt/freeze cycles with minimal degradation of thermal properties.

Are capsules of salt hydrates with less than 10 vol% shell stable to extended aging?

Microencapsulation of target salt hydrate phase with >95% yield, and <5% degradation of DH;  over extended aging (up to ~3 to 6 mo.).

Are polymer-based salogels capable of shape stabilization for both nitrate and chloride hydrate eutectics? Demonstrate thermo-reversible gelation in



Team

Salt Hydrate Eutectic Thermal Energy Storage for Building Thermal Regulation
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