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To get started

&3 Youlube Videos on High-Temperature Heat Pumps
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2 ) heat pumps )

HEAT PUMPS

by Cordin Arpagaus (OST)

New Dev elopments and Products for
S pply Temperat ures above 100 °C
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To get started

Webinar on 18 March 2024

-
IES | Energiesysteme

/“18 March

2024 - registration link «

Introduction

Dennis Roskosch
002-neutral process steam for industry: Model
based analysiz of technaologies and strategies

C. Latham & M. Vandevoorde

Transfarming air compressar energy into process value
far steam compression

Ch. Schlemminger & M. Bantle

Integration af a 1.6 MW steam supplying
heat pump into the feed production process

18 March at 1:30pm 19:45 CCINLIESES g

heat pump at upto 175 °C {SuPrHeat project)

| 10 min break
O 4 : 15:15 Wouter de Vries @
= IR Dremanstration of a full-scale industrial
s X heat pump producing steam above 140°C

High tem perature heat pump test result and
further devel opment of high speed centrifugal

AN 15:35 Mogens Weel .
Registration [link]: 1555 Hans Madibol S
—— Smmfjgﬂ&mlmh alogy and development:

16:15 Arne Hc:)eg

www.sweet-decarb.ch =2 Events

16:35 Wrap up&ConcIusmns / : p
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https://events.teams.microsoft.com/event/2907f5c0-1bce-4fce-a3a6-ef5abe799148@a6e70fa3-1c7a-4aa2-a25e-836eea52ca22
http://www.sweet-decarb.ch/

To get started Webinar on 14 March 2024

Sustaining success of industrial
heat pumps — a call to action!

Views and opinions expressed are however those of the

Funded by author(s) anIF and do not necessarily reflect those of the

the European Union European Union or CINEA. Meither the European Union nor
P the granting authority can be held responsible for them.
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Motivation
Potential heat sources for HTHPs in industry

<= Other industries

X R

Power plants

Waste heat

Process

1

Process cooling Process heat

&

High-temp heat pump pra—— .. .
Waste incineration plants

Refrigeration cycle

Electricity

District heating network

Ambient air

Waste heat

Heat sources

Geothermal heat

Lake / River

Adapted from Obrist et al. (2023): High-temperature heat pumps in climate
pathways for selected industry sectors in Switzerland, Energy Policy, 173, 113383,
https://doi.org/10.1016/j.enpol.2022.113383
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Motivation
Process Heat Demand in the European Industry

Total energy demand - 2950 TWh/a Process heating demand - 1952 TWh/a

Heat pump are identified

> 500°C
ot Research to as a key technology for the

decarbonization of this

Non-thermal RS share of the industrial heat
Process (19 %) feasibility supply (<200 °C)
cooling Process heating
(3 %) — (66 %) 200°C - 500°C
(11 %)
Spafze Space
cooling heating 37% of process heat
(%)= ) of European industry
is <200 °C
Deploy (730 TWh/a)

Temperature
Source: De Boer et al. (2020): White Paper, Strengthening Industrial Heat Pump Innovation, Decarbonizing Industrial Heat O
OST
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Motivation: Process heat consumption & temperature levels

Europe EU-28 — Industrial sectors

Heat Consumption (TWh/a) EU-28

Process Heat Consumption (TWh/a)

fipace heating 22; 116;@ Industrial sector PH 100 to 150 °C PH 150 to 200 °C
ot water %
o <60 °C == 3% Iron ar.1d steel 19.8 7.3
_|PHB0to 80 °C 53| 3% Chemical 19.3 15.4
§ PH 80 to 100 °C 89| 5% Non-ferrous metal 2.7 1.0
» |PH 100 to 150 °C 192 | 11% Non-metallic minerals 36.5 0.0
S ';E ;gg to 288 g 1*53(1’ g:f’ Food and tobacco 68.0 8.8
— o (o] .
(ol
PH 500 to 1000 °C 376 | 21% Paper, pulp and print 10.0 394
PH >1'000 °C 504 | 28% Machlnery 6.9 2.9
Total Heat Consumption 1821 | 100% Wood and wood products 0.2 0.7
(TWhyear) Transport equipment 1.2 0.2
Total Process Heat <60 °C : .
to >1'000 °C (TWhiyear) 1°499 Textile and leather 6.9 0.0
Total Process Heat 90 °C 237 | 16% Other 19.1 4.2
to 160 °C (TWh/year) ° Total 191 80

Data source: Kosmadakis (2019): Estimating the potential of industrial (high-temperature) heat pumps for exploiting waste heat in EU industries,

Applied Thermal Engineering, 156, 287-298, https://doi.org/10.1016/j.applthermaleng.2019.04.082

HTHPs Update
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Motivation: Potential applications

Temperature levels of industrial processes

Temperature Temperature
Sector Process 20 40 60 80 100 120 140 160 180 200 [°C] Sector Process 20 40 60 80 100 120 140 160 180 200 [°C]
Drying 90 -240 Injection modling 90 - 300
Paper Boiling 110 - 180 Plastic  Pellets drying 40 - 150
Bleaching 40- 150 Preheating 50 - 70
De-inking 50-70 Mechanical Surface treatment 20 - 120
Drying 40 - 250 engineering Cleaning 40 -90
Evaporation 40-170 Coloring 20 - 160
Pasteurization 60 - 150 Drying 60 - 130
Sterilization 100 - 140 Textiles -
Boiling 70 - 120 Washing 40- 110
rood® Distilation 40-100 Bleaching 40 - 100
g Blanching 60 - 90 Gluelng 120 - 180
Scalding 50 - 90 Pressing 120 - 170
Concentration 60 - 80 Drying 40 - 150
Tempering 40 - 80 Wood  Steaming 70 - 100
Smoking 20 - 80 Cocking 80 -90
Destillation 100 - 300 Staining 50 - 80
Compression 110 - 170 Pickling 40-70
Chemicals Thermoforming 130 - 160 Hot water 20-110
Concentration 120 - 140 Several Preheating 20 - 100
Boiling 80 - 110 sectors  Washing/Cleaning 30-90
Bioreactions 20 -60 Space heating 20 - 80
Automotive Re§in molding 70-130 Technology Readiness Level (TRL):
Drying 60 - 200 conventional HP < 80°C, established in industry
;I;:g:ggsing ;8 188 commercial available HP 80 - 100°C, key technology
Metal Electroplating 30-90 prototype status, technolo_gy development, HTHP 100 - 140°C
Phosphating 30-90 laboratory research, functional models, proof of concept, VHTHP > 140°C
Chromating 20-80
Purging 40 -70 Source: Arpagaus et al. (2018): Review on High-Temperature Heat Pumps,
9 HTHPs Update https://doi.org/10.1016/j.energy.2018.03.166 OST
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Motivation
The Role of High-Temperature Heat Pumps (HTHP)

. o oo 1°000 PJ/a = 278 TWh/a

1000 -| B Chemical Sector
I Refinery Sector

1000 The heat pump market potential to
a0 200 °C is large:

¥ Highest potential in the food,
paper, and chemical sectors

Process Heat
Potential cumulative heat pump process
heat coverage of 178 TWh/a up to 200 °C
Cumulative heating capacity: 23 GW

= 4174 Heat Pump Units (EU28)
(3 MW, median)

800 -

600 -

400

Cumulative Process Heat (PJ/a)

et e — ¥ Available waste heat between
. process Hestemperstre €9 - 40 °C and 100 °C is estimated to
2 - ——— || be 212 TWh/a (764 PJ/a) (EU28)
s oo - Waste heat T e ¥ ... but still, the actual market of
$ o interval 40 °C 100 °C: industrial heat pumps is
% wl 764 PJ/a =212 TWh/a I emerging

Source: Marina et al. (2021): An estimation of the European industrial heat pump
0 20 40 60 80 100 120 140 160 180 208 market potential, Renewable and Sustainable Energy Reviews, 139, 110545,
Waste Heat Temperature (°C) https://doi.org/10.1016/j.rser.2020.110545

10 | HTHPs Update OST
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IEA HPT Annex 58 on High-Temperature Heat Pumps @

Comparison of different HTHP supplier technology

Task 1 report Fact sheets about the
https://heatpumpingtechnologies.org/ Ezllzla technology
@ annex58/task1
Report content: meriormance dafa
Capacity range
High-Temperature Heat Pumps | = Background information on Rl
HTHPs Temperature range

Task 1 — Technologies
Final Report
B

. _ _ Working fluid (refrigerant)
Review of supplier technologies

Compressor technology

¥ Review of demonstration cases Specific investment costs

Tecl
by K
o
O
-
-
o
=t
w
.2
o
=
o
5
@
[t
j=2]
£
o
E
3J
o
-—
o)
[
T
=
o
[}
=
=
o
—
o
o
e
o
=
2
=
o
—
o
o
o
o
O
5
©
=
=
[5]
L

¥ National perspectives for 13 TRL level
o fume0 countries Expected lifetime (years)
¥ Technology development Size (weight, footprint)

perspectives Project examples
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HTHP technology for supply temperatures above 100 °C

Compressor type: [ Screw [ | Piston [ Turbo [] Other

enerin

PILLER

280 ENERGY ENGINEERING
Spilling Steam Compressor | ]
2504 Enenh Ho%gTemp = ] +- J—
2304 Qpinch Heat Transformer E 1
212 < Piller VapoF_ia_n —_— (
ur oden
]Heaten HeatBooster ¢ HEATEN = '9
200 L | SPH ThermBooster SPH Sustainable Process Heat
8 T Fﬁrail]'nfgt Greensteam
vondo HighLi -
o 188 { ToCircle TC-C920 >
S =3 ToCircle MVR-400 " e
®  175{ £ Kobelco MSRC160L oLvondo L JJ
- [ Kobelco SGH165 - e
> 165 < e SRM Vapor Compressor -
et : Enertime HTHPs
E 160 Weel & Sand\nﬁ Turbo Steam ﬂp Weel Sand i,
rd : @
@ Siemens Energy SHP-STC-X0X W/S I— eel & Sandvig g8 R k
Q. MAN Energ%ySolutlons HEU ] ENERGY AND PROCESS | NOETON an .
E 150 Epcon MVR-HP —I
ANEQ Industry
3 I:I ecop RHP K7 i ki
= 145 < l%ﬂa E;Ka(\:NaZFE ctg ppressor SIEMENS o EF’CON
o ea Evapaalion: Taddwiclogy AR
o _ Ochsner WWDSS R2R3b enerey
o 130 e Ochsner IWWDS ER3
= EE Ochsner IWWDS E
I Mitsubishi Heav 1ndustrles ETW-S
4] € Friotherm Un|top
et ] Johnson Controls cascade
1] Hybrid Energy HyePAC, HyePAC D mne gy HyePAG
C—— Hybri rgy Hy
E J et oAy i ~
= | P=J\ Enginecting :
. bitherm HW\W 9583 R1233zde(E ] i HSNER .
b 1204 ﬁefa?mn; rl‘lseéglmpressor R H word. 2&!3 I :sTl:l:| NI .‘,“ ?a;%‘h“{'gg%‘;'"wsf"ﬁs
= S e et
ompinerm =]
T Kobelco SGH120 : —
| Mayekawa Eco Sirocco q ‘:i } [ N
1 Fuji Electric Stegm Generation Heat Pump 5 Jo(l:w:torgls )ﬁ . MOEqE |—r |—[\\J,,_\\L I | v Oilon
\; O Emerson Cascade %hot alr& S4BROE )
115 Skala Fabrikk SkaIeUHP Ll i — | - E
[ 1nybrid Energy nyel . k
110 1 Engie tréermeco%E i 0 hith . ——a &
iemens Energy [ ol 2rm = . . Y
1 00{ Smardt OPK HTWP Siemens C600 g s 0 A AN Ra Fuji Electric g EMERSON
T T T  [uch Falr ek WE }Maveklalwa IECE)C;Ilr(I:ulltl‘\Ilol0 (hOt ?lr) T T L L | T T T T rrrr =

SMARDT-OPK
OST
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fabrikk

12 | HTHPs Update
6 March 2024 cordin.arpagaus@ost.ch



Commercial High-Temperature Heat Pumps for Supply Temperatures > 100 °C

Europe

Haquarters of HTHP suppliers in

13 | HTHPs Update

Ecop (AT)

Mayekawa MYCOM (BE)

Qpinch (BE)
Fenagy (DK)

Johnson Controls (DK)
Weel and Sandvig (DK)

Enertime (FR)
GEA (DE)

MAN (DE)

Piller (DE)
Siemens (DE)
SPH (DE)

Spilling (DE)
Combitherm (DE)
Turboden (IT)
Enerin (NO)

Epcon (NO)
Heaten (NO)
Hybrid Energy (NO)
ANEO (NO)
Olvondo (NO)
Skala Fabrikk (NO)
ToCircle (NO)
Rank (ES)

SRM (SE)

Japan

26 Fuji (JP)
27 KOBELCO (JP)
28  Mitsubishi (JP)

o)

Based on database of
IEA HPT Annex 58:

https://heatpumpingtechno

6 March 2024 cordin.arpagaus@ost.ch

logies.org/annex58/task
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Technology Readiness: HTHP Technologies
What is the Technology Readiness Level (TRL) of HTHP ?

Proven 80-90 °C
Technology «Ind UStI'y» .
Technology Readiness Levels (TRL)
TRL 9 Actual system proven in operational environment
1 00 — 1 50 OC TRL 8 @ System complete and qualified
TRL 7 @ System prototype demonstration in operational
environment
TRL 6 @ Technology demonstrated in relevant (industrial)
150 — 200 °C environment
. . . TRL 5 Technology validated in relevant (industrial)
«Unive rSIty» \ﬂQ\(\ environment
‘0\0 TRL4  Technology validated in lab
Q TRL 3 | Experimental proof of concept
TRL 2  Technology concept formulated
\LaP —
] TRL 1 Basic principles observed
Basic
Principles

Source: TRL scale definition in Horizon Europe projects,
TRL1 2 3 4 5 6 7 8 TRLY https://ec.europa.eu/research/participants/data/ref/h2020/wp/
2014 2015/annexes/h2020-wp1415-annex-g-trl en.pdf

Technology Readiness Level
14 | HTHPs Update OOST
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https://ec.europa.eu/research/participants/data/ref/h2020/wp/2014_2015/annexes/h2020-wp1415-annex-g-trl_en.pdf
https://ec.europa.eu/research/participants/data/ref/h2020/wp/2014_2015/annexes/h2020-wp1415-annex-g-trl_en.pdf

HTHP Technologies
Indicated TRL levels

23 market available (TRL 8-9)

7 prototype and demonstration
systems (TRL 6-7)

3 lab/small-scale prototypes
(TRL 4-5)

Data source: IEA HPT Annex 58
https://heatpumpingtechnologies.org/annex58/task1

Note:

All information has been provided by the
suppliers without third-party validation.

The information was provided as an indicative
basis and may be different in final installations
depending on application-specific parameters.

15 | HTHPs Update
6 March 2024

HTHP supplier hg'aat;;'g St":;[
(High-Temperature Product capacity temp?,
Heat Pump) (MW) (oc)

123456789
Spilling Steam Compressor 15 280 9
Enerin HoegTemp 10 250 .
Qpinch Heat Transformer 2 230 9
Piller VapoFan 70 212 89
Olvondo HighLift 5 200 | E
Turboden LHP 30 200 789
ToCircle TC-C920 5 188 7HR
Kobelco MSRC160 MSRC160 0.8 175 9
Kobelco SGH165 SGH165 0.62 175 9
Heaten HeatBooster 6 165 789
SPH Thermbooster 5 165 78 .
SRM Compressor for water vapor 2 165 .
Siemens Energy Industrial Heat Pump 70 160 9
Enertime HTHPs 10 160 78 .
Weel & Sandvig WS Turbo Steam 5 160 7809
Rank Rank® HP 2 160 d |
MAN ETES CO, Heat Pump 50 150 78
Epcon MVR-HP 30 150 Bl
Ohmia Industry SPHP 10 150 78
ecop Rotation Heat Pump K7 0.7 150 7
Mayekawa FC Comp FC-compressor 1 145
GEA Refrigeration CO, Heat Pump 1.2 130 8
Mitsubishi Heavy Ind. ETW-S 0.6 130 9
Hybrid Energy HyPAC-S 5 120 9
Johnson Controls Cascade Heat Pump System 5 120 78
Fenagy H1800-AW/WW 1.8 120 B
Mayekawa HS Comp HS-compressor 0.75 120 7
Kobelco SGH120 SGH120 0.37 120 9
Mayekawa EcoSirocco Eco Sirocco 0.1 120 9
Fuiji Electric Steam Generation Heat Pump 0.03 120 9
Emerson Cascade Solution 0.03 120
Skala Fabrikk SkaleUP 0.3 115
Mayekawa EcoCircuit Eco Circuit 100 0.1 100

cordin.arpagaus@ost.ch

Other suppliers:

= Ago Calora (150 °C)

= Ochsner (130 °C)

= Qilon (120 °C)

= PureThermal (120 °C)
= ThermoDraft (120 °C)
= Combitherm (120 °C)

Large-scale:

= Friotherm

= MAN Energy Solutions
= Turboden

= Mitsubishi MHPS

= Siemens Energy

OST
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Commercial High-Temperature Heat Pumps for Supply Temperatures > 100 °C

Operating maps of some industrial HTHPs

200 _ | Spiling
. Steam
180 - jCompressor
T i (R718) — - Spilling Steam Compressor (R718)
B 1604 | a1 | . PILLER VapoFan (R718 Water)
E i Kobelco SGH165 (R245fa + R718)
o 120 - Kobelco SGH120 (R245fa)
g’ i e SPH ThermBooster (R1336mzz(Z))
o 100 = = SPH ThermBooster (R1233zd(E))
T: 80 _ === SPH ThermBooster (R1336mzz(E))
% l / <« a0 VvV ] sese SPH ThermBooster (R1234ze(E))
» 60 A
40 - Johnson Controls CMO, SMC (R600)
20 -
O T T T T T T T T T T

-20 0 20 40 60 80 100 120 140
Source temperature [°C]

16 | HTHPs Update OST
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Commercial High-Temperature Heat Pumps for Supply Temperatures > 100 °C

eenerin HoegTemp heat pump HoegTemp means

ENERGY ENGINEERING ‘high temperature” in Norwegian

Steam pipe

Hot-water circuit

Steam generator

Image cou n AR

¥ Pilot at IVAR Grgdaland to supply

. N steam for CO, removal from biogas
W 6-cylinder stirling-cycle heat pump ¥ Steam 2 bar(g) 134°C
. R7OAT (helium).= inert, zero GWP, zero ODP W Installed in June 2023, automatic
* Heating capacity: 400 kW operation since August 2023

Sources: https://www.enerin.no/hoegtemp,
https://susheat.eu/half-of-2050-energy-mix-from-heat-pumps-heaters,

https://susheat.eu/ht-hp-enerin
17 | HTHPs Update OST
cordin.arpagaus@ost.ch
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Commercial High-Temperature Heat Pumps for Supply Temperatures > 100 °C

enerin HoegTemp heat pump

ENERGY ENGINEERING

“ Source temperature: Sink temperature:
el s 21to22°C => 139to 199 °C

24~
22 """-..‘“Simulated COP at rated power

-

- 2.0

v

P = O 18

- O
1.6

1.4

Measured COP at 50% load
1.2 (200 to 220 kW)

1.0
100 110 120 130 140 150 160 170 180 190 200

Sink temperature °C
Next steps:

¥ Commercial installations 2024

Image courtesy by Enerin A

Sources: N
* Hgeg, A, Laver, K., Vartdal, G., Enerin AS (2024), Performance of a High-Temperature Industrial Heat ‘ Performance mapplng tO 250 OC
Pump using Helium as Refrigerant, High-Temperature Heat Pump Symposium 2024, Copenhagen .
* Hgeg, A., Lover, K., Asphjell, T.A. (2023): Performance of a new ultra-high temperature industrial heat (EU'funded SUSHEAT DrOIGCt)
pump, 14 IEA Heat Pump Conference, Chicago, USA, 15 May 2023
18 | HTHPs Update OST
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https://heatpumpingtechnologies.org/publications/presentation-no-430-performance-of-a-new-ultra-high-temperature-industrial-heat-pump-14th-iea-heat-pump-conference-chicago-usa/
https://heatpumpingtechnologies.org/publications/presentation-no-430-performance-of-a-new-ultra-high-temperature-industrial-heat-pump-14th-iea-heat-pump-conference-chicago-usa/
https://susheat.eu/about/

New Developments and Products for Supply Temperatures above 100 °C

Steam generating version of the ThermBooster™

i

High-temperature 4-cylinder pis;[on
compressor (multiple possible)
Heating capacity: 400 kW to 1 MW
(dependinig on operating point)
Synthetic refrigerants: R1233zd(E),
R1336mzz(E), R1336mzz(Z)

W Max. steam pressure: 6 bar(a), 165 °C

Image courtesy by SPH Sustainable Process Heat GmbH
19 I HTHPs Update O OST
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New Developments and Products for Supply Temperatures above 100 °C

Laboratory for testig the ThermBooster™

e \ |

I t.J : *a ‘. ;
-._‘\ ; ’ I _ﬂ_ . |

Image cgurtesy by SPH Sustainable Proc“ss Heat Gmb

HTHPs Update

6 March 2024 cordin.arpagaus@ost.ch



New Developments and Products for Supply Temperatures above 100 °C

References of the ThermBooster™ (Q1/2024)

Application Gelatine Thermoplastic from waste
Heat source 85/70 °C 75/65 °C (water)
Heat sink 812 kg/h steam at 2 bar 90/130 °C (hot water) for drying process
Heating capactiy 914 kKW 1’017 KW (2 cycles)
Cooling capacity 407 KW 809 kW
Electrical power 118 kW 229 kW (2 compressors)
COP 4.4 4.4

Energy savings 4.1 GWh, /a 1.25 Mio. m3 gas/a

CO, emission reduction 550t CO,/a ~2'400 1 CO,/a
, A

ubng R
__ _.._ ~
AR 0N - <,

In cooperation with S | In cooperation with

@” technotrans*
Energy AG

21 | HTHPs Update OST
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www.push2heat.eu

New Developments and Products for Supply Temperatures above 100 °C

Steam-Generating Heat Pump
Industrysector | ___Demo 1: Paper industry

Plant owner

Felix Schoeller Group

Weissenborn, Germany

Heat pump supplier

SPH

Heat pump technology

2-stage cascade
with piston and screw compressors

Refrigerants
1ststage, 2"d stage

2 x 180 kg R515B,
350 kg R1233zd(E)

Size (LxW x H

11 x 3 x 3 m (in container)

Heat source inlet / outlet
(waste heat)

46 °C /41 °C
(exhaust humid air from
paper machine dryer
using a water-glycol circuit)

F1Push2Heat

oy 90 °C / 123.5 °C < — S e
(low-pressure steam at 2.2 bara) e _ \\ — =
1180 kW NG 8T #94.

1'800 kg/h ¥ .- =

690 kW et \
517 kW 5K , = R
2.3 (43%) = S

HTHPs Update
6 March 2024

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not
necessarily reflect those of the European Union or the European Climate Infrastructure and Environment Executive
Agency (CINEA). Neither the European Union nor the granting authority can be held responsible for them.

cordin.arpagaus@ost.ch

Image courtesy by
SPH Sustainable Process Heat GmbH
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Direct steam generation

Steam generator and condenser from VAHTERUS

Steam outlet Vahterus is a Finnish family business
-4 | established in 1990

Plate & Shell Heat Exchanger (PSHE) with
additional water volume for more stable steam
production

Direct production of saturated steam in the
condenser of the heat pump

Highest efficiency (lowest pinch point between
refrigerant condensation and steam evaporation)

T~ Shell as steam boiler (fully welded)

Boiler

water Refrigerant m Robust circular plates as condensers for the

refrigerant (e.g., R1233zd(E))

Feed water inlet : Compact and light design

Image courtesy by Vahterus

23 | HTHPs Update Easy maintenance (no gaskets) O OST
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New Developments and Products for Supply Temperatures above 100 °C

.3 AtmosZero Boiler 2.0

Air-source steam heat pump
COP of around 1.8 (150 °C steam)

First pilot project with New Belgium Brewing

Air-sourced
heat exchanger

Low Temperature Cycle High Temperature Cycle

Compressor Compressor

Evaporator Condenser | Evaporator Condenser \S\

Source: https://atmoszero.energy/technology

Salvi, A., Bandhauer, T., Roberts, N., Malloy, E., Siegel, M., Huyett, J., Joekes, D., Stark, A. (2024): Technoeconomic analysis of
electrified boiler technologies to decarbonize industrial steam, High-Temperature Heat Pump Symposium 2024, Copenhagen

24 | HTHPs Update OST
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Commercial High-Temperature Heat Pumps for Supply Temperatures > 100 °C

v The first zero-emission distillery in Ireland
AHASCRAGH | = |

DISTILLERY

Ahascragh Distiller
- Thase g ¥

e Source: LinkedIn post

Some major equipment arrivals over the past few days.

The last of our heat pump equipment is in place. This technology is a first for the
industry. Furthermore, these heat pumps are the first in Ireland to reach up to
120 degrees,

¥ Combined process cooling and
process heating

¥ Design supply temperature: 115 °C

Heating capacity: 1 MW

W Splitting heating demand into several
temperature levels increases the
system’s efficiency
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2 x P450 series heat pumps (can generate 120 °C)
1 x P150 series heat pump



https://www.linkedin.com/posts/oilon_oilon-onedegreebetter-boostingtheenergytransition-activity-7030885026158260225-DUV6/

Commercial High-Temperature Heat Pumps for Supply Temperatures > 100 °C

HTHPs for Pet Food Dryers

seelen L'ambigl:herm
counterflo AP LN R
First electric counterflow dryer from Geelen 4 x HTHPs from Combitherm (3.5 MW heating
Counterflow with 15 drying decks for drying capacity, R1233zd(E), screw compressor from
aqua feed at the Cargill-Ewos plant in Bitzer) use the dryer exhaust air as a heat source
Bergneset, Norway and generate 120 °C via an intermediate circuit to
Source: YouTube Video heat the drying air

Images by courtesy of Geelen Counterflow Source: YouTube Webinar O
OST
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https://www.youtube.com/watch?v=keeBW6Y8OeQ
https://www.youtube.com/watch?v=p2xLv0PUlz4

Commercial High-Temperature Heat Pumps for Supply Temperatures > 100 °C

Refrigerants in HTHPs

Based on data from IEA HPT Annex 58
https://heatpumpingtechnologies.org/annex58/task1

HFC
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Refrigerants

Survey results on refrigerants for large heat pumps
Which refrigerants are currently in use and which are planned for the future?

O Currently inuse B In the future

Number of answers (Total 14)

0 2 4 6 8 10 12

HFO / HCFO

HFC (Hydrofluorocarbon)
HC (Hydrocarbon)

NH3 (Ammonia)
)

)

CO2 (Carbondioxide
H20 (Water

Source: Arpagaus, C., Bever, P.-M., Brendel, L., Bertsch, S. (2023): Kaltemittel heute und in der Zukunft: Neue
Vorgaben, neue Kaltemittel, 7. Internationaler Grosswarmepumpen Kongress, 24./25. Mai 2023, Zirich
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Main selection criteria:
* Thermodynamic
suitability

= Environmental impact
(GWP, ODP, TFA, etc.)

= Efficiency

Development time to
switch from synthetic to
natural refrigerant:

= 6 months to 5 years

OOST


https://grosswaermepumpen-kongress.com/wp-content/uploads/2023/05/Arpagaus_Cordin.pdf
https://grosswaermepumpen-kongress.com/wp-content/uploads/2023/05/Arpagaus_Cordin.pdf

Commercial High-Temperature Heat Pumps for Supply Temperatures > 100 °C
Selection criteria :

Suitable refrigerants for HTHPs ® Low GWP
®  Short atm. lifetime
W Zero/low ODP
HFO ~ R1234yf ® Low flammability
HFC R134a R4 | # High efficiency
HFO  R1234ze(E) ® High Tor
HFO  R1234ze(2)
HFC R245fa  Rasm |
HCFO  R1233zd(E) R1233zd(E)
HFO R1336mzz(2) -
HFC  R365mfc " Redme
R600a ’
R600
Natural R601 n-Pentane
Refrigerants| R717 Ammoma R1224yd(2)
r744 | I
R718 Water

-50 -40 -30-20-10 O 10 20 30 40 50 60 70 80 90 100110120130140150160170 180190200

Heat Source and Heat Sink Temperaturesin °C O
OST
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Environmental aspects (F-gases, PFAS, TFA)
Formation of trifluoroacetic acid (TFA, CF;COOH)

Trifluoroacetic acid (TFA)
CF;-C(O)OH

Lt') TFAis an end product of atmospheric
degradation of halogenated refrigerants

Persistent in the environment and also mobile
In the aquatic environment

TFA can basically be formed from various
substances, the presence of a CF;-CF= group
Is considered a prerequisite for TFA formation
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Environmental aspects (F-gases, PFAS, TFA)
Molar yield of TFA durlng atmospheric degradation of HFOs

ES

R1234yf R1224yd(z) ") R1336mzz(Z) ?) R1234ze(2) R1233zd(E) ®
CF;-CF=CH, Z-CF,;-CF=CHCI Z-CF;-CH=CHCF; Z-CF;-CH=CHF E-CF;-CH=CHCI

CF3'CF_ I\ /l I\ /l CF3'CH—

group group
Trifluoracetyl fluoride (TFF) H) Y Trifluoracetaldehyde
CF,-C(O)F CF,-C(O)H

D 97% ) < 20%, because of 2 x CF,-CH=
(Guo et al., 2019) ~100% (Henne et al., 2012)
~2% SuIbaekAndersen et al., 2018)
Trifluoroacetic acid (TFA)

CF,-C(O)OH
31 | HTHPs Update O OST
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Market Analysis — Diffusion of Innovation

Technology Adoption of Heat Pumps in Switzerland — Status 2022

100%

75%

50%

25%

0% -

Industry Market share

2022 (CH) of heat pumps
Buildings Ir] neV\ilhe.atlng
2022 (CH) installations

p°7
1%
Early Early Late Laggards
'""g‘;ao/:ors adopters  majority | majority 16%
' 13.5% 34% 34%
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Business models

Market Analysis — Industrial heat pumps
Business models and value chain

Value chain upstream < » downstream
R&D Manufacturing c°"s‘;':li32’aﬂ:""i"9 Installation Maintenance e,?:,g’;'gg;;gm;;':;gggnggt T[:fgggizft;"'g;%f:g:{::)ts
» Research & = Manufacturing = Planning » |[nstallation = Maintenance = Energy » Trading and portfolio
Development = Customization = Configuration = Ramp-up = Customer management management
» Prototyping = Consulting service = Optimization = Certificates
, = Sales DO = EDM (Energy = Spot markets
\E.elllng' technology / - Data Mgmt)
censin .
— Waprey Ming
Selling products with B2B focus cy Ofbu )
. : : St Sln
(B: whole-saler, installation partner) Ut O . Neg
tiop ; 8" ing
Financing / Selling products direct-to-customer Ser,,

Project developer / General contractor

Leasing / Selling and maintenance
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Market Analysis — Industrial heat pumps

Interview results with 16 HTHP manufacturers (in Q4/2023)

Promising Business Models

ESCO model: Contracting;
1; 4%

2: 8%

Purchase;
Heat as a service; 12; 48%

3;12%

Energy as a service;
4;16%

Possible Substituting Technologies
Coal; 1;5%

Electric Boilers;
5;24%

Biogenic fuels; 1; 5%

Log heating; 1; 5%
Oil; 1; 5%
Hydrogen; 2;

9%

Biomass; 5; 24%

Biogas; 3; 14%

¥ Direct2Customer (purchase) appears to be the most widespread business model (i.e., direct sales,
installation commissioning, maintenance, ownership)

¥ New market opportunities are especially Heat-as-a-Service (HaaS) (highly customer-integrated)

¥ Alternative heating solutions (i.e., electric boilers, biomass, biogas,
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Market analysis

Market Barriers for Industrial Heat Pumps

Survey among 27 experts
on heat pumps and heat

recovery
Energy
Service Others Planners/
Companies Consultants
(ESCOs)

Costs

HP
Manu-
facturers

Scientists

Industry

°g g Product acceptance [EZi
'§, 'ﬁ Lack of suitable products 3
E g Lack of knowledge of planners g
2 € Lack of knowledge about

X = available HPs [EE&

High OPEX

Obstructive electricity taxation

Lack of Life Cycle Cost (LCC) analyisis
Expectation of short payback periods
High CAPEX

Fuel prices too low

No suitable temperature levels

Insufficient efficiency [EE2
Unwanted change

in production [EED

Technology
& Process

Preferred direct use of waste heaf 4%

0%

5%

10%

15%

20%

Adapted from Wolf et al. (2017): Systematische Anwendung von GroRBwarmepumpen in der Schweizer Industrie, Endbericht, 10. Mai 2017 and Wolf (2020):

Rahmenbedingungen und Markte fur Industriewdrmepumpen, ETV Online Tagung 2020, Industrielle Gross- und Hochtemperaturwdrmepumpen im Energiesystem, 22. Juli 2020

25%
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35%
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https://www.bfe.admin.ch/bfe/de/home/news-und-medien/publikationen.exturl.html/aHR0cHM6Ly9wdWJkYi5iZmUuYWRtaW4uY2gvZGUvcHVibGljYX/Rpb24vZG93bmxvYWQvODY3Ng==.html
https://www.fz-juelich.de/iek/iek-3/DE/_Documents/Downloads/ETVOnlineTagungPublication.pdf.pdf?__blob=publicationFile
https://www.fz-juelich.de/iek/iek-3/DE/_Documents/Downloads/ETVOnlineTagungPublication.pdf.pdf?__blob=publicationFile

Price ratio

Market Attractiveness _

electricity

gas

depends on Price Ratio

115

between Electricity and Gas y 8
4 '

[ IEL)
R
@ 20
@ 25
@ so

¥ Decarbonization requires
Increased use of renewable

electricity

¥ Electricity is more expensive
than fossil fuel in many
European countries

For small scale industrial
end-users with
2 GWh/a to 20 GWh/a electricity . '

3 GWh/a to 28 GWh/a gas
Source: De Boer et al. (2020): Strengthening Industrial Heat Pump
Innovation, Decarbonizing Industrial Heat, White Paper, July 14, 2020 OST

cordin.arpagaus@ost.ch
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https://www.ost.ch/fileadmin/dateiliste/3_forschung_dienstleistung/institute/ies/projekte/projekte_tes/91_sccer-eip/2020-07-10_whitepaper_ihp_-a4_small.pdf
https://www.ost.ch/fileadmin/dateiliste/3_forschung_dienstleistung/institute/ies/projekte/projekte_tes/91_sccer-eip/2020-07-10_whitepaper_ihp_-a4_small.pdf

Price Ratio I 0
Electricity to Gas 2.4
(2023'51) 0.8

0.8

1.8

5 e

For small-scale industrial end-users j
Electricity: e
2 GWh/a to 20 GWh/a (band ID),
nrg pc 205

Gas: 3 GWh/a to 28 GWh/a (13),
nrg pc 203

(all taxes and levies included)

Source: Eurostat, 31/10/2023 B 20

: ¥
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https://ec.europa.eu/eurostat/databrowser/view/nrg_pc_205__custom_8678497/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/nrg_pc_203__custom_8678033/default/table?lang=en

Commercial High-Temperature Heat Pumps for Supply Temperatures > 100 °C

Efficiency (COP) of industrial heat pumps

:
g \ 2 COP Fit-curve
1% 7 * (45% 24 Law efficiency)
] > COPy = 68.455 - AT 37°
al
5 4 -
© 30K 5.2
3 1 40K 4.1
- 50K 3.5
2 - 60K 3.0
: 70K 27
1 ! | I | T | T . I| T 1 T 80 K 24
20 40 o660 80 100 120 140
AT L InK o High Tamporature Heal Pumpe, ps:/d0L0rG/10.101 6/ enerdy 2018.00.168
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https://doi.org/10.1016/j.energy.2018.03.166

OPEX Parity COP and Temperature Lift

39

Prices without refundable

Gas

Electricity Price Ratio

OPEX Parity
COP AT_Lift

Sweden 4.1 4.8

Finland 4.5 5.4 1.20 1.1
Luxembourg 2.3 4.1 1.78 1.6 132
Lithuania 3.0 6.8 2.27 2.0 96
Denmark 3.1 7.0 2.26 2.0 96
France 2.8 6.4 2.29 2.1 95
Netherlands 2.6 6.2 2.38 2.1 90
Slovenia 2.5 6.1 2.44 2.2 87
Estonia 3.0 7.1 2.37 2.1 91
Czech Republic 2.4 6.3 2.63 2.4 79
Austria 2.8 7.4 2.64 2.4 78
Latvia 2.7 7.5 2.78 2.5 73
Hungary 2.5 7.0 2.80 2.5 73
Greece 2.5 7.5 3.00 2.7 66
Poland 2.4 7.2 3.00 2.7 66
Romania 2.3 7.0 3.04 2.7 65
Croatia 2.3 7.2 3.13 2.8 63
Belgium 2.0 6.8 3.40 3.1 56
Germany 2.6 8.6 3.31 3.0 58
Bulgaria 2.0 6.8 3.40 3.1 56
Spain 2.5 9.1 3.64 3.3 51
Portugal 2.4 8.9 3.71 3.3 50
Ireland 2.7 10.0 3.70 3.3 50
Italy 24 9.4 3.92 3.5 47
Slovakia 2.5 10.2 4.08 3.7 44
UK 2.1 12.8 6.10 26
EU 2.5 8.2 3.28 3.0 59

HTHPs Update

J 6 March 2024

COP =

PrlceElectricity

N Gas Boiler

Heat Pump vs.

Gas Boiler (90% efficiency)

OPEX Parity

240 6.0
T Sweden
220 - i
200 ] Finland 9.9
5 . COPy = - 5.0
] -0.7
'E o - 68.455 - AT ;¥/° L 45
O i
© v 140 - - 4.0
= = 120 - - 3.5
< E . Denmark
w5 190 Trance - 3.0
) 80 - . :
i~z Austria Spain - 2.5
E 60 - Italy
7 EU - 2.0
E 40 | Germany | 15
O T T T T T T T T T T T 10
1 2 3 4 5 6

cordin.arpagaus@ost.ch

Price Ratio Electricty / Gas [-]

COP

90%
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Economic Evaluation

Cost model — Input and Output parameters

Inputs Outputs
Q, |Heating capacity kW Cinvnp  |INvestment costs of HP EUR
ATyre | Temperature lift K Mcozreduction|] ANNUAl CO, emissions reduction [tCO,/a
cnvup | Specific investment costs of HP EUR/KW Esavings |Annual energy savings kWh/a
finvup |Cost factor for planning & HP integration |- Cruet Annual fuel cost savings EUR/a
t |Annual operating time h/a o Annual electricity costs EUR/a
fmaintainl Maintenance factor (on capital costs) - Cmaintain  |ANNUAl HP maintenance costs EUR/a
nruet |Efficiency of gas boiler - Ccoo Annual CO, tax compensation EUR/a
i Interest rate (discount rate) - Csavings  |Annual cost savings EUR/a
cruer  |Fuel price (gas, oil) EUR/KWh PP Payback period a
ce; |Electricity price EUR/KWh DPP Discounted payback period a
Ccoz tax | CO, tax EUR/CO,
fecozer |CO, emissions factor electricity kgCO,/kWh
fcoz,ruer |CO, emissions factor fuel kgCO,/kWh

Source: Arpagaus et al. (2022): Techno-economic analysis of steam generating heat pumps for integration into distillation processes,

15th [IR-Gustav Lorentzen conference on Natural Refrigerants, June 13-15, 2022, Trondheim, Norway, http://dx.doi.org/10.18462/iir.gl2022.0029
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)

N
o
o
o

Economic Evaluation < _ Heating  Specific
~ 900 - capactiy investment costs
o4 1 500 427
Cost model - o —
Y . —0. Y 700{}. o 1500 300
Cinv,gp = 3'157 + Qp g2 oY
8 i
l = 500 -
— 0 [} ]
Cinv,HP = Cinv,HP * Qn - finv,HP E 400 -
3 300
= . (0]
l £ 200 - Eestidential y = 3'157x0:322
_ E eat pumps _
Cimaintain = Cinv,Hp * fmaintain :% 100 | R*=0.4129
l 8 0 oo 11 111 1| Tt T 1 1 [ T T T T [ T T T1
n 0 500 1000 1’500 2’000 2’500

Csavings = Ccoz + Cfuel — Cet — Craintain COP = 52.94 . ATll-ft_O'nG Heating capacity (kW)

f | 7

Cor=(Qn-t-ce)/COP -
. 6 -
Cruer = (Qn " t* Cruer)/Mruel :
J— . 5 4
\ 4 v CCOZ = Mco2,reduction " €CO2 tax
PP = Cin,/C f f S 4
CO2,reduction h COP 1
77fuel 3
l DPP — _ln (1 - (Clnv * i/Csaangs))/ln(l + i) 2 - y= 52.94}('0'716 ..........
R? = 0.8826 O
Discounted payback period assuming all cash inflows are equal and discrete (Bhandari, 2009) |
1 T T T T T T T T T T T T T T T
20 30 40 50 60 70 80 90 100
Source: Arpagaus et al. (2022): Techno-economic analysis of steam generating heat pumps for integration into distillation processes, AT (K)
15th 1IR-Gustav Lorentzen conference on Natural Refrigerants, June 13-15, 2022, Trondheim, Norway, http://dx.doi.org/10.18462/iir.gl2022.0029 lift
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Economic Evaluation — Sensitivity analysis

Payback period for a reference case at 45 °C/115 °C

(heat source/sink) and 1 MW heating capacity

Sensitivity Analysis

W W
o O,
! !

NN
o o
|

Payback Period (PP) (years)

-
o O

1
Variation factor

O
on

1.5

Electricity price
Temperature lift
Cost factor planning & integration

Efficiency of fuel boiler

CO2 emissions factor of electricity
Maintenance factor

PP A\

VYVVYVVY

Heating capacity

CO2 tax

CO2 emissions factor of fuel
Annual operating time

Fuel price (gas, oil)

PP ¥

Reference Case (Ref)

- +
0.05 0.15
35 105
1.0 3.0
0.85 0.95
0.064 g'AP+E 0.192
0.02 0.06
500 1'500
46 139
0.181 gkl 0.302
3'600 mar{\'\R 8'640
0.029 Xily@ 0.086
- Variation +

1'000 kW, 45 °C/115 °C (Heat source/sink), COP = 2.53

PP = 2.6 years, DPP = 3.2 years

Source: Arpagaus et al. (2022): Techno-economic analysis of steam generating heat pumps for integration into distillation processes,
15th [IR-Gustav Lorentzen conference on Natural Refrigerants, June 13-15, 2022, Trondheim, Norway, http://dx.doi.org/10.18462/iir.gl2022.0029
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K

kgCO2/kWh
kW
EUR/CO2
kgCO2/kWh
h/a
EUR/KWh
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Economic Evaluation Tools Swe et swiss energy research
for the energﬁ,r transition

Free Tools =
DeCarbCH
r N ' N
Heat pump Payback calculator
economical calculator with country comparison
Download Online version
https://www.sweet- https://www.sweet-
decarb.ch/fileadmin/downloads/Tools/Heat decarb .ch/futher-info/heat-
(’ump IntegrationCalculation Example.xlsx) \ pump-tool )
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https://www.sweet-decarb.ch/futher-info/heat-pump-tool
https://www.sweet-decarb.ch/futher-info/heat-pump-tool
https://www.sweet-decarb.ch/futher-info/heat-pump-tool
https://www.sweet-decarb.ch/fileadmin/downloads/Tools/HeatPump_IntegrationCalculation_Example.xlsx
https://www.sweet-decarb.ch/fileadmin/downloads/Tools/HeatPump_IntegrationCalculation_Example.xlsx
https://www.sweet-decarb.ch/fileadmin/downloads/Tools/HeatPump_IntegrationCalculation_Example.xlsx

High-Temperature Heat Pumps Update e 80-90°C

«Industry»

Summary and conclusions P

State of the Art: HTHP products and technologies with >100 °C supply “”“‘“““yh@ﬁ’

temperature are increasingly available in Europe (TRL 8 to 9), ('\ LIS
HTHP innovation is going on - see IEA HPT Annex 58 Overview @ ™ ol

Application examples: Various realized references, demonstration projects, ==
case studies, and many potential applications (e.g., pressurized water, hot air B
for drying processes, low-pressure steam) (R

Economic conditions: Market attractiveness depends on electricity to gas
price ratio and COP (temperature lift), favorable countries

8
Technology Readiness Level

1 1 10
Heating capacity (MW)

Direct2Customer (purchase, ownership) is the most widespread business HOT WATER
model (i.e., direct sales, installation, commissioning, maintenance) HOT AIR
Sustainable refrigerant: European regulations (F-gas, PFAS, TFA) push STEAM
towards natural refrigerants (e.g., H,0O, CO,, NH;, hydrocarbons, nobel —

gases) and synthetic HFO/HCFO with low GWP
2] «Have confidence and give

\W ke N
= HTHP technology a try!
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