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System & Product Development
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Process Heat Manufacturing Emissions
U.S. Manufacturing GHG Emissions (MMT CO.e), 2018
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Process Heating is the Largest Single Source of Energy Loss in Manufacturing

U.S. Manufacturing Process Energy (TBtu), 2018
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~1/3 of process
heat is lost

 Industrial sector currently
accounts for ~1/3 of our
nation’s energy-related
CO, emissions.

* This creates ~52% of the
country’s industrial direct
greenhouse gas
emissions.
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Industrial Process Heat & Waste Heat Temperatures Plot
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Waste heat &
100-170°C steam
co-exist

Xudong Ma, Yanjun Du *, Biao Lei, Yuting Wu, Energy, exergy, economic, and environmental analysis of
a high-temperature heat pump steam system, International Journal of Refrigeration 160 (2024) 423-436
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High Temperature Heat Pump

Process heat to the
chemical, refining and food industries =

Process temperature - Industry Distribution \
J . S 2500
. £ .
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o Chemicals Refining Food Iron and Steel Cement
B <80°C [ 80°-150°C [ 150°-300°C [] 300°-550°C M 550°-1,100°C M > 1,100°C
130°C accounts for ~42% of industrial thermal emissions
200°C accounts for ~60% of industrial thermal emissions
McMaillian 2019

Thermal Process Intensification: Transforming the Way Industry Uses Thermal Process Energy, Advanced Manufacturing Office, May 2022
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Clean Heat for Tall Buildings!

ﬂﬁ’n NYSERDA NYSERDA:
EMPIRE Heating Tall Buildings is the
TECHNOLOGY PRIZE g 14 9
PRIZEV \ FINALIST greatest single source of New

York City GHG emissions.
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B PR ———

>1 billion ft2 of space

CLEAN New Product Focus: Natural Refrigerant, Steam Heat Pump
Decarbonized Steam Heat & Hot Water
HEAT . . .
« Simultaneous Heating and Cooling
Improved economics/efficiency
Lower Carbon Footprint
Drop-in replacement for gas-fired boilers
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One Stage Recuperated sCO2 Steam Heat Pump Process Flow Diagram

Steam Renewable
Electricity

High Temp ﬂ-‘ Water Pump
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Steam Cycle Temperatures

® LowT-104°C ® Medium T -160°C @ High T - 200°C

Majority of existing application are Low and Medium Temperatures

Thar Energy, LLC © 2026 All Rights Reserved 10



150 Gamma Drive
Pittsburgh, PA 15238
www.tharenergy.com

Natural Refriaerant
Carbon Dioxide
(CO,, R744)
ADVANTAGES:

 Meets/exceeds A1 requirements

Relative pipe sizing
(Dry Suction Line)
Safe: NontOXiC, Nonflammable & Same Capacity

Noncorrosive
CO.@®

Significantly less expensive

Substantially lower maintenance costs

Does not affect the ozone layer

Least impact on global warming
« Smaller components & refrigerant lines
Large carbon footprint reductions o Higher cooling capacity

o More efficient heat transfer

Unaffected by future legislation & taxation
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Demo sCO, Steam Heat Pump System

Two Stage Recuperated Cycle Recuperator Cycle Benefits:
""" * Improved system COP by ~40%

* Reduced CO, compressor pressure by ~45%

* Reduced CO, flow by greater than 50%

Boiler
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l Pressure

Recuperator Control Valve

| Condensate
{ Return
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I
1
Return Water | Cold or !
1
1

i .
and/or } Chilled Work supported by US DOE-ITO - DE-EE0010863
Waste Heat | Water ¥ The Clean Fight - Empire Technology Prize

Thar Energy, LLC © 2026 All Rights Reserved 12



150 Gamma Drive
ar Pittsburgh, PA 15238

www.tharenergy.com

High Temperature sCO, Compressor
Pres: 40 - 140 bar

Model Temp: 170°C + As tested

Work supported by US DOE-ITO - DE-EE0010863
Thar Energy, LLC © 2026 All Rights Reserved The Clean Fight - Empire Technology Prize 13
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Steam Heat Pump Recuperator
Stack-sheet Heat Exchanger (SSHX)

* High thermal and hydraulic performance (counter-current)
» Improved structural integrity and thermal compliance

% Compact and light weight

s Optimized material usage

Lower P Lower P

CO, OUT ¢mmm | CO, IN
Higher p- Counter-Current, Thermally Compliant m tigher P
CO, IN CO, Out

Design T/P: 300°C/300 bar  Effectiveness: ~95%
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Stacked-sheet Recuperator Concept (SSHX)

« Patterns cut, punched or etched into
individual sheets

« Sheets are aligned, stacked, and joined
N> HP,,, (brazed, diffusion bonded)

 Manifolds/headers are added to
separate flow streams and ensure
uniform flow distribution

The concept offers the opportunity for cost effective design enhancements

Accommodates advances in Subtractive and/or Additive Manufacturing
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Thermal Gradient is
across the entire
bond length

(" uopsangpuog )

Printed-Circuit HX:
The bond between sheets is:

perpendicular to the mechanical stresses &
parallel to the thermal stresses

The bond between sheets is:
parallel to the mechanical stresses &
perpendicular to the thermal stresses

Improves structural integrity
and thermal compliance

16
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Demo sCO, Steam Heat Pump System

Two stage recuperated heat pump system

Produced Low T/P Steam
104°C (219°F) / 1.3 bar (19 psi)

Rea s < DRI P

Work supported by US DOE-ITO - DE-EE0010863
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Demo sCO, Steam Heat Pump System

Boiler CO, and Steam Temperature Plot
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Demo sCO, Steam Heat Pump System
_ Boiler 2 Plot
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Demo sCO, Steam Heat Pump System

120 — Recuperator Temperature Plot

110 + High P CO2 Temperature In

100 = . — . — . — . - et am s mm e - . mm . am s ms ot am s wm st e

High P CO, High P CO, 90 +
from Boiler 2 to PCV/Evap 1
C0,-CO, 80
Recuperator

70 +

60 -+ High P CO2 Temperature Out

50 +

Temperature (°C)

Low P CO, Low P CO, 40 +
to from -
Compressor 1 Evaporator 30 +

. 20 +
~90% Effective ] Low P CO2 Temperature In

1) trrwmmm e e e e e e - - Sercee-- S m e ne---—----

0 T T T T I T T T T I T T T T I T T T T }
160 165 170 175 180

Time (min.)

Work supported by US DOE-ITO - DE-EE0010863
Thar Energy, LLC © 2026 All Rights Reserved The Clean Fight - Empire Technology Prize 20



Thar

150 Gamma Drive
Pittsburgh, PA 15238
www.tharenergy.com

Demo sCO, Steam Heat Pump System
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Three Stage Recuperated sCO, Steam Heat Pump

Process Flow Diagram COP vs Heat Source Temperature Plot
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Summary

» CO, has excellent refrigerant properties

 Validated novel iHTHP Steam cycle (104°C - 200°C)

o H Igh Carnot Efficiency (65% of Carnot COP (50°C heat source and 200°C heat sink))

 Demonstrated:
o SCO, Recuperated Steam Heat Pump System
* Improved system COP by ~40%
o 170°C High Temp sCO, Compressor
o Novel Compact sCO, - sCO,Recuperator

Thank you to U.S. DOE - Office of Critical Minerals & Energy Innovation -
Industrial Technologies Office & The Clean Fight - Empire Technology Prize
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Thank you for your kind attention!
Questions?

Natural Refrigerant, CO,,

High Temperature Heat Pump
Designed to reduce the cost and

Process Heat . .
200°C+ € = [ == = o —— environmental impact of process heat.
|
g" % Condenser : Options:
(+F]
S & : » Hot Air
Electicly ’ T3 I - Hot Water
m [ Ener[g)y R_ecoveryv] : o Steam
evices -
! - w/wo Chilled Water
Evaporator ]
Waste Heat i
"'30'1000(:-_----- R ——

Contact Information: Marc Portnoff, Principal Engineer

Thar Energy, LLC / Clean Heat Technologies
150 Gamma Drive, Pittsburgh, PA 15213

mportnoff@tharenergy.com
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