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Project Summary

Objective and outcome

Development of a pre-Pilot HVAC system based on
NRELs technology that achieves 40% energy
savings over traditional AC and has inherent 6+
hours of energy storage. Evaporative Liquid
Desiccant Air Conditioner (eLD-AC) paired with an
Electrically Driven Desiccant Regenerator (EDDR).

Team and Partners Stats
Performance Period: Jan 2022 - March 2024

DOE budget: $600k, Cost Share: $600k

Milestone 1: Desiccant property characterization and system
model development

Blue Frontier AC is the commercialization partner Milestone 2:_ Journal article submission describing the EDDR
and comparing model and prototype performance.

and will market t_he technology through an HVAC- Milestone 3: Summary report describing the outcome of
as-a-Service business model. each research task and analysis of prototype performance.

NREL is the project lead providing technical
expertise in materials and system development.
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Why Conventional A/C is a Problem

=1 Hourly CO, Profile - Palm Springs, CA
* Carbon & Energy Intensive 25 edo-_  July1 e~ 030
— 20% of global electricity in buildings Ez_o \\ y 5
— AC contributes 4% of global CO2 emissions - 53% ;‘?1 5 b 0 20§
attributed to humidity loads 51.0 =
Q™ : 0.10 &
N Conventional AC Q
00.5 N
O Compressor 'e)
* Not Flexible: 800 o . s 0002
: : 4 eoo NA 2
— On-demand service without storage
Global
, Air Conditioning
* No incentive to install efficient equipment tmanica g~ Emissions
. Land |Ords pay Capital Costs Temya;?;::;?;; @ gas emissions, ol whic umiaity loads represen o
Temperature :::;I:iﬂify
— Renters pay electricity bills M 27%) 508 Mt (31%)

1,950

" annual
Embodied
100 Mt (5%) Wk Cizen
Refrigerant
720 Mt
(37%)

1. Woods, Jason, Nelson James, Eric Kozubal, Eric Bonnema, Kristin Brief, Liz Voeller, and Jessy Revest.
2022. “Humidity’s impact on greenhouse gas emissions from air conditioning.” Joule 6(4): 726-741.
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Alignment and Impact: Develop Commercial HVAC (RTU)

 80% CO, Savings

— Charging system draws power during low carbon Hourly CO, Profile - Palm Springs, CA
eriods
periods | 25 aid__. July 1 - 0.30
— Annualized energy savings -7 N ke S-—
* 40% in humid climates X ) 0.25
: : 2.0 \ / )
* 80% in dry / hot climates o \ / ==l
o — \ / .C
* Flexible and Equitable 5 A S 0.202
(- - < <
— Lifetime energy cost savings >$8,000 / RT 815 \\\ PSS =
— Removes capital cost as a barrier g ) Conventional AC 0.15 %
)
— Reduces building electrification costs 21.0 Compressor =
— Low energy cost for all occupants (renters or 8 0.10 8
owners) 28 Flexible Charging: §
« Success Criteria 0-5 80% less CO, 0.05
Generation
— Modelled & prototype performance shows 40%
annualized energy savings in zone 2A 0.0 0.00
— Thermal energy storage 6+ hours capable &
S S S
« 330J/g or 123 kWh/m3 0% < o

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY



Approach - Vapor compression vs liquid desiccant cooling

Liquid desiccant cooling

Comparison of theoretical and real system

L . ]
» Open-Cycle Process humidity removal efficiency

— Desiccant dehumidifier +
indirect evaporative cooling

— Theoretical efficiency is 2X-
10X higher than ideal vapor
compression

Vapor compression

Minimum separation energy

10

~ Real vapor compression

Moisture removal efficiency (kg/kWh)

Assuming 25°C inlet air, isothermal,
8.7 g/kg outlet humidity ratio

12 13 14 15 16 17 18 19
Inlet air humidity ratio (g/kg)

* Overcool = reheat
_ Energy |ntenS|Ve beca use : ffure removal efficiency for existing technologies compared with the minimum
cooling capacity and lift is

higher than necessary

Graph from Woods et al. 2022,
Humidity’s impact on greenhouse gas emissions from air conditioning

%

DX Caoil Reheat Coil
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How it works - 3 Sub-systems

1. Electric Regenerator: EDDR ety Dvn Descant Reganertor (D08 Fuaporatvely Coned i

Desiccant Air Conditioner (ELD-AC)

Actuated
Exhaust Damper

W\ EXHAUST AIR

— Regenerates diluted desiccant into strong - e

desiccant + distilled water E ocpaty

2. Thermal Storage: SLDSS =l S 1
| | Theoretical >500J/g ! Returm Air

— Stratified solution tank creates halocline of — S ot
] .._'ILEe_L'q_uED_ertfri.l ID”_UtiL_Iqﬂd_De_m_cﬂn _______ 30% fresh air
weak and strong desiccant. .;[ Stratfied Tank | | Coreentted L Do -

3 . CO n d it i 0 n e r: e L D-AC Distilled Water i >® : Distilled Water

Electricity

Potable / Tap

— Separate sensible and latent cooling (SSLC) L Wetertank | 7 Water

Stratified Liquid Desiccant Storage System (SLDSS)

— Open cycle cooling process:
— Uses strong desiccant to remove moisture

— Evaporates water (refrigerant) to remove heat

- - L 500)/g
4:1 Separation (180 kWh/m3)

55% by mass by mass 70% by mass
0l/g
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How it works - Electrical regeneration / Air Conditioning

Electrically Driven Desiccant Regenerator Separate Sensible & Latent Conditioning
« Thermal regeneration using heat pump technology « Technology initially developed in 2010-20123
« Heat pump thermal COP >6 « US Patent®

» Desiccant moisture removal efficiency > 5 kg/kWh
« US Patent*

S Expansion Psychrometric Chart at 0 m Elevation (101.3 kPa)

Condenser \
1/ s
Regenerator ‘ Z 15.0

20.0

T 7/ s
S e i S/
’ ~4 s z
’

{Concentrator) g
12.5 o
R B RS N P =)
Electricity Carayy Edas R 8
> i el Desiceant Dehumidifier T 100 =
| e, _ - Consumes energy storage z
Compressor : : o 75 'E
3
I Dilute Liquid Desiccant i _— T

B o o == Indirect Evaporative ) - 5.0

Concentrated Liguid Desiccant > -~ - Consumes fan power =~
===% & water 25
e i . 1 00
Distilled Water 5 10 15 20 25 30 35 40
> Temperature (Degrees C)
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Project Overview A

Wells Fargo IN? - 2020-2021

Prior work - TCF project scope:

TCF Project: 2022 - 2024

Increase regenerator subsystem efficiency o
lask 1 Dynamic
Component / Mogel-balsed

Increase sensible cooling performance . ) _
Further characterize desiccant properties e'(/lrr;(éemagmlc Subsystems design

* Optimize energy storage

Task 4: Gen 2.0
Engineering Prototype

IE @ Prototype HMX Physics
e Design & Validati . Manufacture prototype
HMX Design Experiments ellikerier _
Innovation ° Laboratory Evaluation
Incubator .
* Annualized energy
Task 3 1. Research . at simulations
: ormulate N
Desiccant. 2. Methods Results ¢ Publication
Characterization 3. Measure

Proof of concept
in HVAC Laboratory

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY



Model-based Desigh + HMX Experiments = Gen 2.0 Design

01.71 [Hrs]

10

3 8

BlldeYFrontier Conditioner LD Concentration a0 BlueFrontier Conditioner LD T

5 8 &8 B8 B8
Temperatre [C]

5

10 12 14 10 12 14

o BlueFrontier Conditioner Air T BlueFrontier Conditioner Capacity
Exhaust

Psychrometric Chart: 80.6 kPa

Inlet KAc - 70.6% Outlet KAc - 66.9%
O SP: Mixed Air --O--Inlet Air Streams: RA/OA
—@> Process Air Stream —<> Exhaust Air Stream

35
30
25
20
15

N
(&3}

AIr Ty /Ty, ()

Supply

12
Time (hr) Time (hr)

Humidity Ratio (g/kg)

20 25 30 35
Temperature (Degrees C)

2. Woods, Jason, Eric Kozubal. 2013. “A desiccant-enhanced evaporative air conditioner:
Numerical model and experiments.” Energy Conversion and Management 6: 208-220.
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Desiccant Material Characterization

Property Ranges Instrument

T=0°Cto120°C

Vapor Pressure vs T, C C = 30% to 70%

Eravap

T=0°Cto 120 °C
C=30%to 70%

Nuclear Magnetic

Water diffusivity - D_AB Resonance (NMR)

Vapor Pressure Analyzer (eravap)

° Piston expansion measures vapor
pressure

Specific Heat - Cp T =C_iOO‘VCo: :g 715(2 ¢ DSC

T=-40°Cto 120 °C DTC and Flash

Thermal Conductivity - k C = 0% to 70% diffusivity

T=20°Ct0o90 °C Titration calorimeter or

Enthalpy of dilutien C = 10% to 70% DSC + humidity

Differential scanning calorimetry (DSC) g

° Phase-change enthalpy (heat of
fusion) and transition temperature

T=-40°Cto 120 °C

Density - rho C = 0% to 70%

Density Meter

Viscosity T =C-?;OO‘;3 ,fg 71 gf/z ¢ Rheometer

Liquid / Hydrate Phase | T=-40°Cto 120 °C

Nuclear Magnetic Resonance (NMR)

o Determines bonding & local conditions
of molecules using magnetic fields

Boundary C = dependent variable DSC
Liquid / Ice Phase T=-40°Cto0°C DSC
Boundary C = dependent variable

T=0°Cto80°C

refractive index C = 0% to 70%

Atago Refractometer

Lack of data on low-cost / low-corrosive desiccants
motivates construction of property library using
characterization methods available at NREL

Guarded Heat Flow Meter (DTC)

° Applies one-dimensional heat flow
through samples

Parallel-Plate Rheometer

° Rotational force applied to fluids
between plates measures viscosity

U.S. DEPARTMENT OF ENERGY
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Task 1: Completed work

Regenerator P-h process Regenerator psychrometric process

Generated models: 5000 P =813/l g%
a . ;|- Simulation
. . . 3 2 ' - ;
* Finite difference: 40001 A0 S xperment
L i / 79 0.03 5
— Conditioner and Regenerator HMXs 3000 i / A -
: - ! / ‘ % o
— Dynamic stratified tank = 2000 ! / 'Y =
_ i / A\ % {002 3
 Dynamic system model: - ‘ : :
. . 1000 | [=o--Simulation % - e 8/_;
— Conditioner mode (cooling) —o— Experiment e e e
0 ~ : = 0.01
— Regenerate mode (tank re-charge) 200 300 400 500 30 40 50 60
) h (kJ/kg) T(°C)
— Hybrid mode (cool and regenerate)
Water Expansion 10 I . +15%.* +10% ~
Condengser \5 Valve % 4 / 8 g . Conditioner //9’ 159 12 | Regenerator o 109
- 20 Lo 10
10 EXHAUST AIR RDesiccallt 7 ; I /, Jad O =
egenerator . P - <
(Concentrator) E 5 F i @ 'DIID O g 8
lectrici L.% 4 - : ”% 6
Electricity : gt ¢
Compressor : 5 3 = 4
!.D_“LEE_UEIE[ESEEE__ 1 i Qtot. QSen. 0, ’
Concentrated Liquid Desiccant > 0 I o Uncalib_arated O 2 15:/’ Uncalibrated O
@ o Calibrated o o - Calibrated ©
L e ———— e T I 0 1 1 1 1 1 1 1 L 1 L 1
ictilled - o 1 2 3 4 5 6 7 8 9 10 2 4 6 8 10 12
Distilled Water 5 QNum_ (kW) MRRNum_ (kg/hr)
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Task 1: Next Steps & Model based design

« Dynamic Modeling Example: Target EDDR performance

— Model annualized performance of target system (Gen 2.0) . Moisture Removal Efficiency
— Create representative cooling loads using EnergyPlus ol
— Representative cooling days for each month < A
E, % X 0 0 0 0 0 o 4
T 4l
o
= x X 0 0 0 0 0 o g
ot X
* Generate and compare annualized energy use and , | | | | |
efficiency 0.52 0.56 0.6 0.64 0.68 0.72
— Gen 2.0 (Target) engineering prototype design - Moisture Removal Rate
— Baseline 30 1 g 82:;.3 (Target)
=257 High performing
= x
e%20 - X o 5
o
E 15 . ° 0o o
10 © o 4 o
5 ° o ° o5 5%

0.52 0.56 0.6 0.64 0.68 0.72
LD Outlet Concentration
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Task 2: Improvement of regenerator heat and mass exchanger

Completed Work

— Generate regenerator prototype samples that achieve counter-flow
— Completed laboratory setup (NREL HVAC Lab)
Next steps:

— Perform experiments

— Feed performance into Gen 2.0 models for model-based design task

Conditioner Conditioner Regen Regen cw f chilled water
. . . : : . HW = hot water
outlet air inlet air inlet air outlet air

P = LDHX process airstream

D = liquid desiccant
P2 P1 R1 R2
cw2 R = LDHX regen airstream
HW:
[ U r 1
cw1 | o

Chiller: Glycol
(SP+05C)

Boiler: Glycol
(SP+2C)

Regenerator HMX Test Setup
NREL's HVAC Laboratory

U.S. DEPARTMENT OF ENERGY
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Task 3: Desiccant Material Characterization

* Many KAc properties have been well characterized
Data fits well with established theories

— Some require improved resolution at low T/high KAc
* Limitations of equipment

* Future Work

KAc Aqueous Phase Diagram -

rosion Rates of Cu, AI3003, and Al1100 in
Liquid Desiccant Soluitons

— Refine eutectic properties on phase diagram " e ’
Expand on diffusi fficient Phase -

— Expand on diffusion coefficien Diagram 3 |

— Expand on thermal conductivity \ Corrosion

Measure refractive index

Measure enthalpy Of dI|UtI0n " 0 10 20 30 40 50 60 70 80 0 e meI» ioﬂ?:fm oo

KAc wt%

1.55

200 <0l —=—KAc-10wt% | | = KAclOwi% l 375 Acetate Diffusion Coefficient in KAc
180 o : . —=— KAc-30wt% ® KAc30wt% H H v o
= KAc 10 wi% Vapor 1.451 Den5|ty —m KAc-50wt% - A KAc 50 wt% VISCOSIty v 5 Heat ) o1 —-—1
1601 o  KAC 30 wi% ¥ = —m KAc-7T0wi% v KAcT70wt% ) 3.35 o012 ,
Tl 4 kacsows  Pressure ta0p e, 1 1 v 1] %™ Capacity - I
= v Khc 70 wit% 13850 Ty 1 v v = 3.15 £ 01 !
© 120F e s 1 E. o 5. v 7 a Z £ o008 T
3 R r - — = .08
3 100 2 B g @ v A 9 295 3
g . 21280 .y . 1= A a T 006
= 8o ¢ 2 = < 4 8 275 S
3 . v g2 a * . ° - = 004
S soL o 4 p N A @ s = -
> 115 ®=—=—a @ g 4 ® m v 2.55 @
10 N N 110 . s ° - " - g 0% I US|on
i v A0k b o
° ] 2.35 0
20 A M u 10 @30 50 @70 @90 ® 110 ‘
of = s 8 § 8 7 v 7 105 E—8- TR . 5 n " 215 295 Cabefficient 320
+ . —=— g :
- P P RV S S T L 1 3 , ‘ ‘ . o A
0 10 20 30 40 50 B0 70 80 90 100 110 120 130 1.00 + - 5 o 0.0028 0.0030 0.0032 00034 0003 o 0.2 0.4 06 - o

Temperature (°C)
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0 0
Temperature (°CE)
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Task 3: Potassium Acetate vs. Lithium Chloride

U.S. DEPARTMENT OF ENERGY

Data at 20 °C KAC LiCl
Salt concentration (Wt%) 70% 36%
Vapor Pressure (kPa) 0.61
Relative Vapor Pressure (%) 26.1
Water Diffusivity (m?/s x 10°) | 0.16 1.6
Corrosion Rate, Al 3003 (p/yr) | 0.06 72
Density (g/cm?) 1.396 1.222
Viscosity (mPa*s) 29.20 6.35
Storage Density (kWhoma/kg) | 0.139  0.238
Storage Density (kWh,..../kg) | 0.028  0.048
Storage cost (S/kWhycrmal) $7.20 S210

Storage cost ($/kWh,,..i.)

$36.00 51,050

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY




Task 4: Engineering Prototype (Gen 2.0) - Not started

Below: Generation 1.0 Design and Prototype

Future work:

e Construct prototype
 Laboratory characterization
 Model calibration

* Analysis of performance
— Model calibration
— Re-do energy comparison

e Published results

NREL's HVAC Laboratory

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY



Thank You

National Renewable Energy Laboratory
Eric Kozubal - Sr. Mechanical Engineer Researcher
Pl Eric.Kozubal@NREL.gov
WBS 3.9.1.60 - TCF - Energy Storing Efficient HVAC
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Project Execution

Q3-2022: Heat and mass exchanger code transioned from EES to Matlab
Q4-2022: Preliminary EDDR subsystem results and future design path
Q1-2023a: Desiccant Property Measurements

Q1-2023b: System model developed showing transient example results
Q2-2023: Journal article draft: Desiccant material properties

Current / Future Work

Q3-2023: Report describing advancements in heat and mass exchanger

Go / No Go: System efficiency design pathway to >40% over standardard equipment
Q4-2023: Laboratory scale system construction and test plan

Q1-2024: Laboratory scale system evaluated in HVAC laboratory

Q2-2024a: Journal article draft: desiccant regenerator system and HVAC system results
Q2-2024b: Final summary report to DOE summarizing outcomes of each research task

FY2022 FY2023 FY2024*
Planned Budget $245,000 S300,773 $123,602
Spent Budget ($307k to date) $181,477 $125,746 SO
Q1 Q2 Q3 Q4|/Q1 02 Q3 Q4(Q1 Q2 Q@3 Q4

*FY2024 budget includes carry-over funds not spent in FY2022

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY




iiNREL

Transforming ENERGY

BLUE
FRONTIER

Eric Kozubal

SR. MECHANICAL ENGINEER
Eric.Kozubal@nrel.gov

> HVAC EXPERIMENTALIST
> HEAT AND MASS TRANSFER
» THERMODYNAMIC CYCLES

Dr. Jason Woods

SR. MECHANICAL ENGINEER
Jason.Woods@nrel.gov

> HEAT AND MASS TRANSFER
» HVAC CYCLE DESIGN
> MEMBRANE SCIENCE

Dr. Nelson James
RESEARCHER Ill - MECHANICAL
ENGINEERING

Nelson James@nrel.gov

» THERMODYNAMIC CYCLES
» THERMAL ENERGY STORAGE
» HVAC FLEXIBILITY

Yi Zeng

POSTDOC RESEARCHER —
MECHANICAL ENGINEERING
Yi.Zeng@ nrel.gov

» THERMAL ENERGY STORAGE
» HEAT AND MASS TRANSFER

Dr. Ransisi Huang
POSTDOC RESEARCHER -
MECHAMICAL ENGINEERING
Ransisi.Huang{@ nrel.gov

» VAPOR COMPRESSION SYSTEMS
» CYCLEDESIGN AND ANALYSIS

Dr. Kerry Rippy
RESEARCHER Ill - CHEMISTRY
Kerry.Rippy@nrel.gov

» ELECTROCHEMISTRY
» THERMAL ENERGY STORAGE

Greg Shoukas

RESEARCHER Il - MECHANICAL
ENGINEERING
Greg.Shoukas@nrel.gov

» HVAC RESEARCH
» HVAC EXPERIMENTALIST

Dr. Kyle Foster
POSTDOC RESEARCHER -
MATERIALS SCIENCE

Kyle Foster@nrel. gov

» THERMAL ENERGY STORAGE
» COMPOSITE DEVELOPMENT

. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

Dr. Daniel Betts

CEO
Daniel.Betts@bluefrontierac.com

> HEAT AND MASS TRANSFER
» THERMODYNAMICS
» PRODUCT DEVELOPMENT & COMMERCIALIZATION

Matt Graham

VP of Product Development
Matt. Graham@bluefrontierac.com

> PRODUCT DEVELOPMENT
> MECHANICAL & ELECTRICAL DESIGN
» MANUFACTURING & PROTOTYPE DEVELOPMENT

Dr. Matt Tilghman

CTO
Matt.Tilghman@bluefrontierac.com

SYSTEM DESIGN AND MODELING
PRODUCT DEVELOPMENT
MECHANICAL DESIGN

HEAT & MASS TRANSFER

Y VYV

Dean Wiersma
Sr. Mechanical Engineer

Dean.Wiersma@bluefrontierac.com

PROTOTYPE DEVELOPMENT
MECHANICAL DESIGN
CONTROLS & INSTRUMENTATION
ELECTRICAL ENGINEERING

Y VYV



mailto:Daniel.Betts@bluefrontierac.com
mailto:Daniel.Betts@bluefrontierac.com
mailto:Daniel.Betts@bluefrontierac.com
mailto:Daniel.Betts@bluefrontierac.com

	Slide Number 1
	Project Summary
	Why Conventional A/C is a Problem
	Alignment and Impact: Develop Commercial HVAC (RTU)
	Approach – Vapor compression vs liquid desiccant cooling
	How it works – 3 Sub-systems
	How it works – Electrical regeneration / Air Conditioning
	Project Overview
	Model-based Design + HMX Experiments  Gen 2.0 Design
	Desiccant Material Characterization
	Task 1: Completed work
	Task 1: Next Steps & Model based design
	Task 2: Improvement of regenerator heat and mass exchanger
	Task 3: Desiccant Material Characterization
	Task 3: Potassium Acetate vs. Lithium Chloride
	Task 4: Engineering Prototype (Gen 2.0) – Not started
	Slide Number 17
	Slide Number 18
	References
	Project Execution
	Team



