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Project Summary

-‘\Heat Pump
“achnology

Objective and outcome iy

Development of a combined washer and heat
pump dryer platform with a higher combined
energy factor, CEF (>25% improvement), compared S

%OAK RIDGE

National Laboratory

Next-Gen Combined
washer and dryer =i

to exis’Fing electric resistar)ce erers and with fas.ter Ry 2 00 WhlrIIJUUI
operation (>20% reduction in overall operating Washer %G;,.@ W -----------
time) compared to state-of-the-art dryers. '

Energy storage

Team and Partners Stats

Performance Period: Jan 2023 -Dec 2025
DOE budget: $900k, Cost Share: $300k

Milestone 1: Completion of thermodynamic analysis
Milestone 2: Development of prototype
incorporating washer, dryer and energy storage

Milestone 3: Demonstration of CEF>25%

Kashif Nawaz, Pengtao Wang, Xiaoli Liu, Cheng-Min Yang, Chris Harnett
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Problem

Dishwasher

* Drying is energy intensive process, consuming on average 206 kwh Clothes Washer

290,200 Btu (85 kWh) of heat for each 1,000 Ib of wet laundry R ‘“W"
* Laundry consumes 0.42 Quads of primary energy annually in 769 kwh \
Refrigerator

commercial sector and 5% of electricity in residential sector

596 kwh
* Near 80% of the total U.S. households have a clothes dryer at \
home. Heat pump dryers take less than 1% of the market

Energy consumption of standard
household appliances (source: U.S. EPA)

2014-Heat
pump dryer
available in U.S.

1.2%

1963-Auto
termination m Electricity
sensors
Suniiat 2014-Energy Natural gas
unlight Star clothes m Propane
drying dryer 80.3%
1938-First
electric
resistance dryer Percentage of Total CD Household

Owners
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Problem

For ambient air at 25°C, 50% RH

L 100
O ERD: electric resistance drying UFAD
£ HPD: heat pump drying (Feasible) NAD
§ NAD: natural air drying (SOtA) .
8 UFAD: unheated forced air drying (\.@6 i An energy'eff|0|ent COSt‘
(2 . .
z O effective process will transform
g 10 AEOAT -
) Fea-:blfe rtzgion: witlhlin Cb@o \Se’b 0(\\10 the market
© the fundamental limits O’ e\ . .
- Bl fosh i W 20 * Ventless design alleviates the
=g state of the art impact of laundry on indoor
-~ N
T 1 thermal comfort and HAVC load.
o)} . .
: \ * Extended drying time for heat
% i pump dryers have been a major
= | (SotA) (SotA) -
c B Lo technological challenge
g 0.1 i | | |
= 1 10 100 1000

Dry time [mmUtes] . Source: Kyle R. Gluesenkamp, Viral K. Patel & Ayyoub M.
to dry 3.83 kg (8.45 Ib) cloth from water mass ratio 57.5% to 4%,  Momen (2020) Efficiency limits of evaporative fabric drying

with air flow of 0.0646 kg,./s (approx. 57 L/s or 120 ft*/min) methods, Drying Technology, 39:1, 104-124
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Approach

All-in-one unit Evaluati £ vari technol g tem int ti
Combined Washer and Dryer (CWD) valuation of various technology and system integration

approaches for next-gen CWD

l Drying time l Drying time
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Compressor
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Expansion valve é: Refrigerant 9 heat exchanger ) heat pipe )
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Approach

Market
assessment

Field evaluation <

Evaluation of
»various integration
approaches

‘ Demonstration of
cost-effective <«
‘ platform
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Development of
performance model

v .
Evaluation of

various control
strategies




Project Impact

* Atleast 0.2 Quad/year energy savings

* Aligned with BTO goal to develop energy-efficient technology to effect 45% energy savings
by 2030 compared with 2010 technologies

* Lower costs to increase deployment at scale and make decarbonization available to lower
iIncome households

 1.25-1.5 times higher combined energy factor (CEF) and reduced drying time
* Reduced footprint, simplified design, improved reliability and durability, and easy retrofits

* The project will demonstrate a first-of-its-kind combined washer and dryer with thermal
energy storage integrate, through both numerical investigation and experimental prototype.

Performance Goals

Dry time (minutes) Cost (USD)
Electric resistance dryer 3.7-4.0 20-40 300-1200
Hybrid heat pump dryer 4.5-7 70-120 1400-2000

CWD >6 <45 1000-1100
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Risk

Potential risks Mitigation strategy

Higher cost * Low-cost TES material
* Optimized design, sizing, and control

Longer operation time  Heat recovery technologies for pre-cooling and pre-
heating
 Heat pipe
* Heat exchanger

Increased system complexity ¢ Compact system design through valuation of various
integration approaches
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Market Assessment

WINIA
Willz

* By January 2023, over 40 residential heat pump Whipoo

Walsh

dryer models from 13 different manufacturers were Summit

Speed Queen

labeled as Energy Star in the U.S. market. Samsung

Miele
Midea

Maytag

* |n 2013 and 2014, EPA elected advanced Clothes LG

KOOLMORE

Dryers as the ENERGY STAR Emerging Technology eignia

GE

Galanz

* In 2023, the High-Efficiency Electric Homes and ELEMENT
Bosch

for the heat pump dryers. SLACK DECKER

award winner. e er
* In 2015, Northwest Energy Efficiency Alliance (NEEA)

Fotiaane

Rebates Act (HEEHRA) was created. Qualifying Dany
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Whirlgool
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I Samsung: 33 @
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GE Profile

Launches super-efficiency dryer initiative (SEDI).
Fisher&Paykel
households can use up to $840 in HEEHRA rebates BREDA

E] Electrolux

-~ Kenmorelk

Asko

Amana
Almison
Brand Name

5 el S Rl
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Number of CD products certified by Energy Star by 01/2023

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




State-of-the-art Technology

CFR 430 Subpart B Appendix D/D1/D2 defines 2:2?;: ENERGY
the combined energy factor (CEF) in pounds per ' ‘ STAR
kilowatt-hour as a rating metric. min CEF
mdry -
CEF = — :Zgﬁe‘;g“pad 41 546 169 51 255 268
cc
types HPCD-standard
- '® Heat Pump Compact Ventless |  [RCSASll 4.78 7.75 372 72
\ ® Heat Pump Standard Ventless | [ROQIMIe)
| \e_tybridHeatPump Sl HPCD-hybrid 3.73 | 3.
‘® Electric Compact Ventless (ventles);) | 7.44 5.27 475 72 3.93
G i i @ Electric Standard Vented .
z | e GasStandardVented ; ERCtD'zta"dafd oo laen| @ | @
% / (vented)
N Sl 400 274 311 52 255 268
=5 g ] ] (ventless)
sl 5 conventional pp——
I':_ /," 3p =
%8, oo o wented) 755 3.49 686 66 3.30 3.48
0 @ Combined
2 washer and 450 393 139 - 2.08 -

dryer

*Data is obtained on Energy Star Database
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Model Development

------------- amerca moces .

4 N 4 N
Operating conditions Performance
*  Ambient condition p N * Air status
* Initial clothes temperature Heat & mass transfer models * Drying curve (RMC)
and moisture content 1D & transient (+dynamic) . Power input vs. time)
 Airflow rate
e Mass of clothes _Baseline e 2
- / Py Derived metrics
(Design parameters ) 21IO) vs. » CEF
 Heat pump design o ) (S:ﬁ/IPER
* Drum capacity \ )
& TES design ~ To guide the sizing and design optimization )
Highlights: M= A °© o o g
 First prototype, first Dyna”ffw Statuf' ----- 5[ NG e
numerical and B HH Dynamic
: PR Tl T T g | clothes
experimental study on 552 > il S
CWD with TES. i
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Model Development

Condenser / o ((E— e
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Model Development

Heat pump model and a quasi-steady-state system model

f Compartment surface
L temperature at moment i

HP model

Steady-state system
balanced at moment i

update time Heat transfer rate across
step to next t compartment surface

L ]

Air loop model Fabric surface
Transient energy and temperature and
mass balance moisture content

( Compartment surface
| temperature at moment i+1
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Preliminary Modeling Result

“1 Drum inlet temperature (5 0-0351 Drying involves the internal
T o | € 0030 | migration of moisture to the
P % surface and the evaporation and
% 404 Drum outlet temperature = 0.025 removal of water from the
ch_.L % | Drum outlet humldlty surface.
£ 201 299071 Phase 1 and phase 3 are the
o = . .
.’ LR | | | 777 drumoutlet Brym jnlet humidity Most energy intensive processes.
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Facility Design, Development, and Future Plan

Conventional set Fulksize ventlessiCWD
| et W T

|

prototype design

* Baseline test
* Prototype development

. D * Prototype evaluation
- Compact ventless CWD Disassembled CWD
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Challenges and Opportunities

Energy saving Opportunity & Challenge Advanced Energy Efficiency

variable capacity compressors heat and drainage recovery
+ multistage compression - heat pipe or other heating and drying technologies integration
* vapor injection technique et Y FUEREELE e energy storage integration

* electronic/thermal expansion valves Rt improved dynamic models for performance prediction and control
« alternative working fluids

+ suction line heat exchanger
. . . /

* heat exchanger optlm_lzqtlon Im pact

« control strategy & optimization

* lint control

* drum design

+ grid-interactive buildings
» efficient electrification
» carbon reduction

Technology Advancement : preference Reward:

*  bring new technology into market S Consumers « conduct field studies to study real-world
* improve the availability and reliability of behavior saving potentials.

HPCD provide rebates for most-efficient dryers
* market-development activities establish even higher rebates for HPCD
* test and certify more models using that can dry more quickly

automatic termination
* ensure dryers provide efficiency settings _
Improving Awareness:
* update state technical reference manual (TRM) to
S S better reflect HPCD benefits and savings

Standard & Rating Procedure: NN - educate employees on the HPCD benefits
publish test data \\1‘:\ Government * include dryers in energy efficiency programs
*  publish CEF and drying time requirement for standard HPCD T po|icy Making:

* regular update ENERGY STAR specifications, procures, and
metrics to reflect real-world operations
* set achievable and competitive target

*  regulatory policy
* initiatives
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Large-Scale
Climate Simulator - o\ mental

Maximum Building
Energy Efficiency
Research Laboratory

Multizone Heat, Air
Chamber and Moisture
Chamber

HVAC/R
Chamber

Apparatus

I h a n k yo u 'v Tes“ng

Oak Ridge National Laboratory ORNL’s Building Technologies Research and Integration Center
Kashif Nawaz, Section Head of Building (BTRIC) has supported DOE BTO since 1993. BTRIC is comprised
Technologies Research; Group Leader of of 60,000+ ft? of lab facilities conducting RD&D to support the DOE
Multifunctional Equipment mission to equitably transition America to a carbon pollution-free

865-241-0972 | nawazk@ornl.gov electricity sector by 2035 and carbon free economy by 2050.

Scientific and Economic Results
236 publications in FY22 BTRICis a
125 industry partners DOE-Designated

54 university partners National User Facility
13 R&D 100 awards

52 active CRADAs
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REFERENCE SLIDES
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Project Execution

1

W 0O =] M N o W pa
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[
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Task Mo. Task Mame

Market assessment and state-of-the-art technology
System performance modeling and design optimization
Evaluation of thermal energy storage (TES) systems
System analysis using simulation tools

Development of appropriate control strategies

Design and fabrication of alpha prototype
Performance analysis of alpha prototype

System integration and development of packaged beta prototype
Performance analysis of beta prototype

Performance evaluation- beta prototype

Final report and development of deployment strategy

FY23

Fr24

FY25

ONDJFMAMI J AS

ONDJFMAMI I AS

ONDJFMAMI I AS

&

¢
*
*|

& Milestone
* Go/No-Go
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