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Project Summary

Objective and outcome

This project focuses on the development and A

performance optimization of a high temperature Bl ég#;";:{lg

heat pump for space and water heating for =

commercial buildings. The team intends to design

and demonstrate a 30kW or higher capacity heat %

pump which .can provide at least 180°F sink EMERSONW

temperature with acceptable COP.

Team and Partners Stats

Oak Ridge National Lab Performance Period: April 2022- June 2025

Kashif Nawaz, Steve Kowalski, Jian Sun, Pengtao DOE budget: $1.5M/year, Cost Share: $500k

Wang, Zhimming Gao, Cheng-Min Yang Milestone 1: Analysis of system configuration

Emerson (Drew Welch), Chemours (Kostas Milestone 2: Component acquisition and validation

Kontomaris), Rheem (Ati Manay), Southern followed by development of prototype

Company (Pradeep Vitta) Milestone 3: Lab scale and field validation of
performance under realistic operating conditions.
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Problem

* Processes in buildings and industrial applications account for 60% of direct and indirect CO,

emissions.

 More than 1.8 quads of energy are used annually in gas-fired equipment for commercial
heating applications, accounting for more than 94 MMT of CO, emissions in 2021.

U.S. DEPARTMENT OF ENERGY

Commercial Residential

Space Heating,

Cooling, Ventilation
30% Space Heating
and Cooling

38%

Cooking, Appliances,
Electronics, Lighting
24%

Cooking, Appliances,
Electronics, Lighting

S2% Water Heating

15%

Water Heating
4%

Total CO, emissions from commercial and residential sectors

U.S. Energy Information Administration, Annual Energy Outlook (2018)
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Direct vs. Indirect decarbonization

Indirect decarbonization Direct decarbonization
* Energy-efficient equipment  Elimination of CO, emissions
* Load shifting — optimum use at  Emerging refrigerants with lower GWP
grid scale  Non-vapor compression technologies

Energy storage (materials, systems) Direct carbon removal

Embodied carbon

Embodied carbon Operational carbon
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Embodied vs. Operational carbon Point source vs. DAC
Carbon emissions from gas and heat pump heating systems, UK, 2008

Carob Cure, What is embodied carbon?
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Alignment and Impact

A direct replacement for gas-fired technology for commercial buildings’ heating "o
. - - - ] . ‘ ¢
* Electrification of commercial buildings &
* At least 50% reduction in direct CO, emissions JSremnhousegas
 Implications for cold climates heating systems P e 3008 lovern -

I o . . Net-zero emissions
An integrated heat pump concept with unprecedented sink temperature economy by 2050

* Optimized process integration for simultaneous air and water heating

* Implications beyond building- Industrial decarbonization S .}'.
00 aa

Demonstration of acceptable COP at all operating conditions A
« System design to maximize the performance o
* Potential for scaling up for large scale deployments vt A D

[!I‘;'u-.'-ld'l.fi-lrlli.‘-g(.‘l! communities
Positioning US for competitive markets e
e An accelerated development plan to assume a leading role. ® DCRivass 50% DY 2005 2 45% oy 2050,

compared to 2005

e Lessons learnt from current/on-going developments (IEA Annex 58)

Accelerate building electrification
Reduce onste fossi -based CO, emssons n
buikdngs 25% by 2035 and 75% by 2050,
compared to 2005
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Approach

* Beyond domestic hot water temperatures

* Any heat pump system with sink temperature
higher than 160 °F can be classified as HTHP.

 Heat pump have been used to produce steam
(prototype scale development)

EVAPORATION — COMPRESSION  ——» CONDENSATION

!-Ieat Heat
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Approach

Compressor selection and evaluation Market analysis and SOA technology

SPeroin? /7~ Mowket 7
= Analysiy J =,
' ol )

c

Customer Mix

P 3

Working fluid selection
/characterization

Scale up and system integration Heat exchanger selection/characterization

The ORNL team is developing a comprehensive Research, Development and
Demonstration framework for commercial/industrial HTHP.
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Working Fluids Selection

-30 -20 -10 O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

| T [ e ) Hl E it
R718* | X X X X X X X X X X X X _E
R717 X X X X X X X X iX X X X x x x !
R744** X X X X X X X X X X IX X X Ik x x x xX x x x !
R601 X X X Ix x X X X X X X X X !
R601a X IX X X X X X X X X X X X :
R600 X X X 1X X X /X X X X X X X !
R600a X X X X X X Ix X X [x x x x X I
R290 X X X X X X X X IX X X i
R1336mzz(2) X ix X X IX X X X X X X X X :
R1234ze(2) X X X 1X X X IXx x X X X X X i
R1336mzz(E) X X X ix X X IX X X X X i
R1234ze(E) X X X iix X X Ix x :
R1234yf X X X X (X X X [x i
R1233zd(E) X X ix X X IX X X X X X X X |
R1224yd(Z) X X X X X X X X X X X X X
R365mfc X X X X X X X X X X X X
R245fa X X X X X X X X X X X X
R134a X X X X X X X X X X X
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*R718 Vapor recompression cycle; **R744 Transcritical CO2 cycle
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Working Fluids Selection
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. . . . L1 a1
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. . . 0 50 100 15 0 250 300 350 40
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Critical Temperature, °C
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Working Fluids Selection

Thermodynamic and physical performance

High Temperature Medium Temperature
Evaporation temperature of 60 °C and condensation temperature of 130 °C Evaporation temperature of 20 °C and condensation temperature of 70 °C
3.6
® CFCs 3
3.5 SES36 ® HCECs
[ ]
® :Egs s R1234ze(Z)
3.4 S .
e HCFOs R245fale ° o[R600] R1311 [R152a ® CFCs
. includi . ® HCFCs
3.3 R601 Natural (including HCs) R236ea ® ceo00al _® R161 o HECS
[ ] ® ®
R365mfc Others 4 ' R134 [R134a HEO
3.2 . R290 P
R1336mzz R1234ze (E)| [R1243:f HCFOs
® Natural (including HCs
8 34 R1233zd| R1234ze(2) a 35 F277ea f ( g HCs)
o Novec 649 L4 o . R1234y
° ™
3 R32
R1224yd [ A3 B2L 3
[ ]
29 R245fa :l:l 221 [ 1 A3,B2L
° [ 181
2.8 L R600 A2L 25 . ] A2
27 [ ] A1 R143a AL
—t!
2.6 2
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Volumetric Heating Capacity , kl/m? Volumetric Heating Capacity , kI/m?

High temperature heat pump applications: R1336mzz, R1234ze (Z), R1233zd, R1224yd, Novec649, R718
Medium temperature heat pump applications: R1234ze(E),R1234yf. R1234zf, R515B, E170, R744.
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Compressor Selection
I _piston | Scoll____ |  Scew | Tubo

Driving force Displacement Displacement Displacement Flow machine

Compression static static static dynamic
Swept volume geometrical geometrical geometrical depending on the
counter pressure

Production pulsing continuously continuously continuously
Volume flow Up to 1,000 m3h Up to 500 m¥h 100 to 10,000 m¥h 100 to 50,000 m¥h

Heating capacity Up to 800 kW Up to 400 kW 80 kW to 8 MW 80 kW to 40 MW
Pressure ratio (single stage) Upto 10 Up to 10 up to above 20° Upto5
Controllable at constant speed in stages difficult continuously continuously

Speed control possible possible possible possible
Sensitivity to liquid slugging high low low low

Causes vibrations yes no no no

Pressure ratio of screw compressor taken from [ASHRAE, 2020]
Compressor selection depends on system capacity, desired lift temperature
and working fluid.
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Heat Exchanger Selection

* Gas vs. liquid as cooling/heating fluids
 Compatibility with refrigerants and secondary fluids
e Design consideration for higher lift temperatures

e Resistance to corrosion and fouling

e Compliance with thermal and mechanical stresses

N\
RN

NN
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System Configurations

Saturated steam

135-175°C
. | Steam
Pressurized water Saturated * : compressor | .
8 s steam : ' . : ompressor
70°C 130°C : Pressure unit : Orai
FENSEUSN oA SENPR N ot ) 100-120°C :  regulator . rain
: : ' separator

Gas cooler — Drainage

Throttle valve

Steam
i : separator Wetsteam ! Injection water
Compressor : > I
: Feed water : . — )
i : | Feed water ——— = Flash Pressurized
: \ . \I/ tank water
’ / b 115°C

Intercooler | F) i Subcooler Condenser p'ump\ﬂ?‘h
Evaporator ! E X Expansion valve T i Heat pump : :
: Expansion valve . . Compressor : unit
g — : : 5 : . Condenser 5
: R134a ! b Evaporator : : Economizer ;
50°C 55°C . ! ;
Heat source water ; S ' i '

R245fa o

60-80°C
Heat sousce wa

Complexity depends on required performance paramet

purce water

* Additional components for improved system COP, such as ejector, economizer, and flash tank.
* (Cascade or Multi-cycle systems have been considered for a desired lift temperature.
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Demonstration Facility

* Demonstration facility is under
development to establish the performance
of any commercial scale heat pump.

e The source and sink conditions will be
simulated through controlled heaters and
chillers network.
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Research and Development Facility

Sink Module
Liquid or Water-Steam Heat Pump Module Liquid Source Module
[12mx0?6m] (1.2 mx1.5m) (12mx0?6m)
: ak
Chiller Module : ] F :

Outdoor
(1.5mx1.5m)!

Gas Source Module
(1.2 m x 0.76 m)

ORNL HTHP testbed can accommodate 30-100 kW capacity with a range of sink
temperatures
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Stakeholder Engagement

* Extensive interest from leading OEMs
— Water heating OEMs
— Air heating OEMs
— Process controls and sustainability

@ EMERSON

ad

Southern
Company

* Presentations/Conference papers
— Planned publications at ASHRAE and beyond

* Engagement in IEA Annex 58 (ORNL is US Primary Contact)

Annex 58 Home Task 1 - Technologies News Participants A critical review of refrigerants for high temperature heat pumps! ( \
[Ny

Chemours

Jian Sun &, Kashif Nawaz **. Ed Vineyard ®
20ak Ridge National Laboratory. Oak Ridge TN, 37830
bBuilding Technology office, Department of Energy. Washington DC, 20583

ANNEX 58 Abstract

High- mperature Heat Pumps Approximately 62 3% of U S. Energy Consumption is rejected as waste heat in power H ig h_Te m p e ratu re

generation. industrial and transportation energy sectors. The most common methods to recover
This Annex gives an overview of available technologies and close-to-market technologies regarding high-temperature heat waste heat is to convert it to power through a Rankine cycle, such as a steam Rankine cycle

pumps. The need for further RD&D developments will be outlined. In order to maximize the impact of high-temperature (SRC)or an organic Rankine cycle (ORC), and a K.alma] cycle. Rankine cycle waste-heat-to- H eat Pu m ps
heat pumps, this Annex also looks at pracess integration by development of concepts for heat pump-based process heat power systems are generally used to recover medium quality (200 °C to 650 °C) and high quality
supply and the implementation of these concepts. (more than 650 °C) waste heat. For low quality (= 120 °C) waste heat, these systems are either

incapable or inefficient to be practical. Using waste heat at temperatures lower than 85 °C for

ORC applications is rare. High temp heat pumps (HTHP) are a promising technology

which can recover low quality (40 to 120 °C) waste heat to replace conventional heating
systems, e g, boiler, electric heater, for fulfilling the heating demand, particularly for industries
with heat consumption between 80 and 160 °C, such as paper production, food processing,
Objective pharmaceutical, and chemical industries. HTHPs are considered as a strategic tool for

hnologica decarbonization through electrification of heating in various industry applications. Finding

for the transition suitable refrigerants for HTHP applications becomes i ingly critical due to the multiple

5 challenges faced in maintaining a sustainable environment by reducing greenhouse gas Task 1: Technologies

emissions, decreasing carbon generation, lowering ozone depl tal and global warming State of the art and ongoing developments

IEA Heat Pumping Technologies Programme Annex 58

The overall objective of the Annex Is to provide an overview of thy

well as to dev

lop concepts and
eat supply. The i

understat g vari

manufacturers, potential end-users, consultants, energy planners and policy makers. In potential. This paper reviews various refrigerants used for HTHP application since 18305,
Ko ths Anvex sins to pro fechiam snd s ance e discusses the pros and cons of various refrigerants when adopted in a HTHP system, and for systems and components
transition to a heat pump-based pro industrial applications.

recommends suitable refrigerants for different HTHP systems.
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Thank You

Oak Ridge National Lab
Kashif Nawas (Senior R&D Staff)
(865) 241-0972
WBS 03.02.02.36, FY 21 AOP Water Heating R&D
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Project Execution

FY2022 FY2023 FY2024
Planned budget 1500000 1500000 1500000
Spent budget 750000 200000 1750000

Ql [Q2 |Q3 |Q4 |Q1 |Q2 |Q3 |1Q4 [Ql1 |Q2 |Q3 |Q4

Stakeholder engagement 2 3
Market assessment
Design of experimental/demonstartion facility &
Refrigerant selection and analysis <o

Compressor selection and performance evaluation

Heat exchanger design and selection

Prototype development

Prototype testing

Field evaluation

U.S. DEPARTMENT OF ENERGY
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..‘.

Kashif Nawaz Steve Kowalski Cheng-Min Yang Pradeep Vitta Drew Welch
Project management Experimentation Data analysis Advising- Field evaluation  Advising- Compressor
Prototype development Data analysis Instrumentation

‘

e

# \
Pengtao Wang Zhiming Gao Jian Sun Ati Manay Kostas Kontomaris
Performance model Performance model  Prototype development Advising- Integration Advising- Refrigerant
Prototype development Prototype development Instrumentation

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




	Slide 1
	Slide 2: Project Summary
	Slide 3: Problem
	Slide 4: Indirect decarbonization 
	Slide 5: Alignment and Impact 
	Slide 6: Approach 
	Slide 7: Approach 
	Slide 8: Working Fluids Selection
	Slide 9: Working Fluids Selection
	Slide 10: Working Fluids Selection
	Slide 11: Compressor Selection 
	Slide 12: Heat Exchanger Selection  
	Slide 13: System Configurations
	Slide 14: Demonstration Facility
	Slide 15: Research and Development Facility
	Slide 16: Stakeholder Engagement
	Slide 17
	Slide 18
	Slide 19: Project Execution
	Slide 20: Team



