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How to put Waste Heat back in Industrial Processes
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Founded in 1900 in Michigan
51 generation privately-owned and managed;
15 facilities globally, 2000+ employees,;

Steam systems in Refining, Petrochemical,
Food, Beverage, Pharma, Paper, etc.

Thermal Decarbonization to support globally
Fortune 500 companies in their Net Zero goals

Circular Thermal®: Pinch, Direct Heat Recovery,
Desteaming, Low-Grade Heat Upgrade (heat pumps)

Global JV / license w/Combitherm GmbH
(Germany)

Manufacturing of heat pumps in since 1972
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Payback Time (in Europe)




Europe:
50 MW/year from 2027 in Belgium (Herstal)
Co-funded by the EU Innovation Fund

Possible expansion in Belgium up to 150 MW/year

Americas: 2"
_ _ Co- unt’é’d by the European Union
50 MW/year from 2026 in the USA (Three Rivers, «+ | Emissions Trading®&ystem
Michigan) ik Innovation Fund="=
Co-funded by the Department of Energy (DoE)

10 MW/year currently in operation in Mexico
Asia:

50 MW/year from 2025 in India (Chennai), up from 20
MW/year currently in operation

40 MW/year from 2026 in Beijing (China)
Globally:
200 MW/year from 2027




Link:

https://www.youtube.com/watch?v=ScfDrhrOn 4&t=4s



https://www.youtube.com/watch?v=ScfDrhr9n_4&t=4s

Legacy One-way Thermal Systems

Armstrong

EXPERIENCE MATTERS™



Circular Thermal® System

HEAT RECOVERY
FROM STACK

Armstrong

EXPERIENCE MATTERS™


https://youtu.be/ScfDrhr9n_4
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cool and dry

Vertical fluid bed dryer for aquafeed delivered by Geelen Counterflow (Netherlands) with integrated
Combitherm GmbH (Germany) heat pumps

Operational since April 2022 for a total power of 3.5 MW thermal (0.9 MW electric)
Achieved final COP = 4 (thermal integration improved initial estimated COP = 2.5)
Decreased primary energy use by 75% (15 000 MWh/year) and CO2 emissions by 3 000 tons/year
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I[EA Annex 58 case: https://heatpumpingtechnologies.org/annex58/wp-content/uploads/sites/70/2022/12/combithermhthpannex
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High-Temperature Heat-Pump
. Combitherm

Fresh Air 750kwth

COP =25

Condensate


https://heatpumpingtechnologies.org/annex58/wp-content/uploads/sites/70/2022/12/combithermhthpannex58.pdf
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4 industrial high-temperature heat pumps, total of 3.5 MWth
Ar!;tr‘ong'

Total of 10 compressor circuits
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cool and dry

Link: https://www.youtube.com/watch?v=keeBW6Y80eQ&t=19s



https://www.youtube.com/watch?v=keeBW6Y8OeQ&t=19s

NATURAL GAS 80% A

+30°C in Summer o

-10°C in Winter

ELECTRICITY 20%

Ambient Air

(region-dependent)

Cooling Towers Represent Water
Consumption Up to 10.000 m3/year/MW

High-Grade
Wasted Heat to
Ambient Air

10% Direct Injection
30% Low-Grade Heat (<120°C)
50% Hot Water (<80°C)

Cooling (-5°C)

Low-Grade
Wasted Heat (COP=3)
to Cooling Towers

HEATING IS ABOUT
ADDING HEAT

A

CIRCULAR
THERMAL
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COOLING IS ABOUT
EXTRACTING HEAT

Direct Heat Recovery

PRIMARY ENERGY

(DECREASED BY 3/4)

D

20% Steam (180°C)
80% Hot Water (<120°C)

Cooling (-5°C)

RENEWABLE ELECTRICITY

(INCREASED BY HALF)

Heat Pumps
(additional electricity needed)

Total “Energy to Process”
Remains the Same
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* Qc: Energy to be removed from the system through cooling
* Qh: Energy to be added to the system through heating

Source: “Pinch Analysis: For the Efficient Use of Energy, Water & Hydrogen”, CanmetENERGY, Canada (2003)
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Heat pump can be used to upgrade low
grade heat above the Pinch point to further
reduce heat demand (Qh)



168 °C - 6,8 barg
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Heat pump can generate low-pressure steam up to 120°C (1 barg);

Steam compressors can increase pressure & temperature > 200°C (2 stages);

10% water injection in compressor, increasing total steam load;

Steam and condensate system should be closed (no live steam, flash steam or condensate losses)

Electricity 230 kW ???

165°C 120°C Model Three circuits x 2

HWW 3/9583 x 2

Stea m H eat M VR < Elecfrc Power 1063 kw
EXC h a n g e rS STEA M 1 62 5 kW Refrigerant R1233zd(€)

120.0 *C 40.0 °C

128.2 m*/hr 198.2 m*/hr

HOT WATER 576 kW

Heating capacity
2138 KW

2.0

CONDENSER
EVAPORATOR
g
g

105.0 *C 35.0 °C

Closed Condensate HEAT PUMP
System (0.5 barg)
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COP of compact screw compressor and HCFO-1233zd(E) COP of compact screw compressor and R1234ze for different
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Heat in high-pressure Heat in low-pressure
refrigerant l refrigerant

{== Electrical input (“Compressor COP”)

Heat recovered internally through
refrigerant-cooled motor and oil



Subcooler Condenser
— Desuperheater
Qsahy: 0 [KW] e
Pressur . G4 &0
o o 0 T,: 64,6 [°C]
T,: 450[°C] ®—®" T o
T5: 45.0 [oc] Economizer 3 [ ] T3: 64.6 [OC]
Expansion J
W : 23,05 [kW]
m: 0,6998 [kgis]
i Qg : 100 [kW] Tg:0,0[°C] ;; Compressor
Q /xs:0321k0k0) e T.:100[C]
e o T5: 10,0 [°C]
T,: 10,0 [°C]
» Enthalp
/ y
REFRIGERANT/: R134a COP: 4,339 COP’: 4,339 Ncarnot: 0,794

Evaporator

]
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Internal Heat Exchanger

Source:
CoolPack /
EES
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(including recirculation pumps and other ancillaries)

(including VFD and electric cabinet)

Heat Pump COP

Net Compressor COP (incl.
motor losses & oil cooling)

Shaft COP
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Loading / Unloading

Advantages o
Reduces the required storage load 0
Vertical tank: hight exceeding width e
Allows to deliver the expected sink s
temperature even at part load, if stratification o , ” " o
IS maintained

_ _ Evolution of temperature levels over
The higher the temperature difference, the -

more stratification will be maintained : ‘ i
An increased number of different temperature || | | e A I I A
level is more challenging to maintain . 7 [T " %
Modelling of stratification evolution over a | e M R
period of time using PinCH software ’ T e il
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Reduction of Thermal CO2 Emissions

up to 100%

up to 90%

up to 80%

up to 70%

up to 60%

up to 50%

up to40%

up to 30%

up to 20%

up to 10%

Impact in % estimated for a Light Industrial Plant (Food,
Beverage, Pharma, Personal Care, Laundry, Detergents): Decarbonize: M ovable Waste Decarbonize: switch to
. Heating temperature < 150°C Heat {PPA}, Biomass, Renewable Electricity, Biogas,
* 0.3-10 MW =1.500 - 50.000 MWh/year Solar Thermal, Carbon Hydrogen, Carbon Capture
) ) ) y Capture {with CO2 resell) {witho ut CO2 resell}
* 300-10.000t CO2/year
* Thermal Decarbonization CapEx: 0.3 - 10 MS/site
“Decarbonize Study”
Circular Thermal®
study (incI. Pinch) Heat Pumps
{Low-Grade Waste Heat
Recovery)
Direct High-
Grade Waste
Heat Recovery
Desteaming
{replacing
Steam by Hot
: Water)
<1vyear 1-3years 3-5years 5- 10years > 10 years Negative

Payback Time (in Europe)




Armstrong Methodology
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Circular Thermal® White Paper

Link:

https://armstronginternational.com/wp-content/uploads/\WP_Ci
rcularThermal 1530 _EN_20230626.pdf



https://armstronginternational.com/wp-content/uploads/WP_CircularThermal_1530_EN_20230626.pdf
https://armstronginternational.com/wp-content/uploads/WP_CircularThermal_1530_EN_20230626.pdf

EU Innovation Fund Call — 1 Bn€ for “Decarbonization of Industrial Process Heat” through a
reversed auction in December 2025:

“Reversed auction” for subsidies in “€/ton of CO, abated” — companies will express the amount of
subsidies they require to trigger an investment in a project. The lowest “subsidies / ton of CO,” will
win — project selected on price until budget is spent. Public spending to trigger private investment.

The design favors energy-efficient projects, eliminating the most inefficient current systems, long
payback tolerance, rapidity of implementation, etc.

No need for a detailed file and in-deep review. Auction would last until February 2026 and winners
will be declared in April 2026.

First year considered as a trial, before scaling up an improved methodology. Winning offers in “€/ton
of CO,” will become benchmarks for future auctions ("Decarbonization Bank™ of 100 Bn€).

Focus on scaling-up the electrification of process heat (incl. also solar thermal) — excluding biogas,
biomass, hydrogen, carbon capture, etc.

Excluding building heating and cooling — minimum temperature to be determined, but would be
around 70°C to 100°C. Temperature level is the main “innovation” criteria.

Budget of 1 Bn€ split in 2 buckets, most probably based on temperature (200°C?)
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Armstrong provides intelligent system solutions that improve utility
performance, lower energy consumption, and reduce environmental
emissions while providing-an‘enjoyable experience.

ARMSTRONGINTERNATIONAL:COM



