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[ Screw [ Piston B Turbo Refrigerants
165°C e Kobelco SGH 165 R134a/R245fa
160°C T==—— Viking HeatBoosterR1336mzz(2) R1336mzz(2)

B Ochsner WWDSS RR3b R245fa
130°C s Ochsner INWWDS R2R3b

Introduction

125°C 1] 3 Viking HeatBoosterR245fa o Ezzj,gg
T e mindalll
The EU has decided to reduce the CO, T e — T
emissions b_v 55% by 2930 . to0e H e Olonchibeate s §}g§,a,/,§}g}4m®
IEA has estimated that if we are to achieve 95°C E————— Combitem HWW R1234z0(F) Eggg:%

the goals given in the Paris agreement we Friother Uritop 50_ s 4

Max. heat supply temperature [°C]

have to install 500 MW heat pump capacity GEA GassoPiP S3bar s Eﬁ%ﬁﬁ;i
every month until 2050 a0°c Star Neatpump —aa kil R717(NH§)
. N L . mmm Mitsubishi ETW-L R134a
O The decarbonisation includes reducing E——) SABROEHea®ACHPX | R717 (NH
. A . 1 Viessmann Vitocal 350-HT Pro R1234ze

burning fossil fuels for heating where S Kobelco HEM-HR90, HEM-20A R154a Rbdsta
electrically driven heat pumps can be used ey R D e R0
e.g. space heating in our buildings, production 1o 100 e 10000 106000

Heating capacity [kW]

DS

processes up to 250°C or higher

Within the EU alone we have an estimated
population of boilers around 5 million units
Fuels to be cut back include oil, coal, gas,
bio-fuels, and wood-chips

Fuels like hydrogen and ammonia will be the
fuel of the future
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Refrigerants

R600

R1224yd(2)

S R1234z¢ (E)
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Refrigerant

Description

Chemical formula

P.
[bar]

M
[g/mol]

23/11/2021

CEC R113 1,1,2-trichloro-1,2,2-trifloroethane CCl,FCCIF, 2140 | 33.9 0.85 5'820 Al 47.6 | 187.4
R114 1,2-trichlore-1,1,2,2-tetrafluoroethane  |CCIF,CCIF, 145.7 | 32.6 0.58 8'550 Al 3.8 | 1709 ET“ _
R123 2,2-dichloro-1,1,1-trifluorcethane C,HCI3F, 183.7 | 36.6 0.03 79 Bl 27.8 | 152.9 E g g
- 5 E 2
m_ HCEC R21 Dl.chloroﬂuoromethane CHCI,F 178.5 | 51.7| 0.04 148 B1 89 | 1029 8 E
R142b 1,1-dichloro-1-fluoroethane CH,CCl,F 137.1 | 40.6 | 0.065 782 A2 -10 | 100.5 | &
- R124 1-chloro-1,2,2,2-tetrafluoroethane C;HCIF, 126.7 | 37.2 0.03 527 Al -12 | 136.5
> R365mic 1,1,1,3,3-pentafluorobutane CF3CH,CF,CH, 186.5 | 32.7 0 804 | A2 [40.2( 1481 | 85
| - SES36 R365mic/perfluoro-ether R365mfc/PFPE (65/35) | 177.6 | 28.5 [ 3'126 A2 35.6 | 184.5 10.5
q) R245ca 1,1,2,2,3-pentafluoropropane CHF,CFCHF 174.4 | 39.3 Q 718 na. | 251| 134 n.a.
R245fa 1,1,2,2,3-pentafluoropropane CHF,CH,CF5 154 | 36.5 [} 858 B1 149 | 134 6.6
> HFC |R236fa 1,1,1,3,3,3-hexflucropropane CF3CH,CF; 1249 | 32 0 3'060) Al -1.4 | 152 10.2
R152a 1,1-diflucrethane CH;CHF, 113.3 | 45.2 0 138 A2 -24 66.1 n.a.
O R227ea 1,1,1,2,3,3,3-heptafluoropropane CFyCHFCF, 101.8 | 29.3 [ 3350 Al -15.6| 170 6.9
R134a 1,1,1,2-tetraflucroethane CH,FCF3 101.1 | 40.6 0 1'300) A1 |-26.1| 102 1.2
fd RA10A R32/R125 (50/50% mixture) CH,F/CHF,CF, 72.8 | 45 0 2’088 Al [-51.5] 72.6 23
! R1336mzz(Z) |1,1,1,4,4,4-hexafluoro-2-butene CF,CH=CHCF,4(Z) 171.3 | 29 1] 2 Al 33.4 | 164.1 n.a.
R1234ze(Z) cis-1,3,3,3-tetraflucro-1-propene CF;CH=CHF(Z) 150.1 | 35.3 Q <1 A2L 9.8 114 n.a.
m HFO |R1336mzz{E) [trans-1,1,1,4,4,4-hexaflucro-2-butene |CF;CH=CHCF,(E ) 137.7 | 31.5 ] 18 Al 7.5 | 164.1 n.a.
S R1234ze(E) trans-1,3,3,3-tetraflucro-1-propene CF,CH=CHF(E ) 109.4 | 36.4 Q <1 A2L -19 114 5.6
R1234yf 2,3,3,3-tetraflucro-1-propene CF,CF=CH; 54.7 | 338 0 <1 A2l |-29.5| 114 13.8
m HCFO R1233zd(E) 1-chloro-3,3,3-trifluoro-propene CF,CH=CHCI(E ) 166.5 | 36.2 | 0.00034 | 1 Al 18 | 130.5 6.3
@ R1224yd(Z) 1-chloro-2,3,3,3-tetrafluoro-propene CF,CF=CHCI(Z) 155.5 | 33.3 | 0.00012 | <1 Al 14 | 148.5 n.a.
R601 Pentane CH;CH;CH,CH,CH; 196.6 | 33.7 0 0.39 A3 36.1( 72.2 4.9
-: R601a Iso-pentane (CH3)>CHCH,CH; 187.2 | 33.8 0 0.39 A3 27.8 | 72.15 n.a.
o RG600 Butane CH3CH2CH;CH: 152 38 0 0.09 A3 -0.5 | 581 1.3
R600a Isobutane CH([CH;);CH; 134.7 | 36.3 0 0.09 A3 -11.8| 581 1
m HC |R290 Propane CH3CH2CH: 96.7 | 42.5 0 0.18 A3 |-421) 441 1.1
R1270 Propene CH;CH=CH, 51.1 | 45.6 0 0.05 A3 -47.6| 42.1 1
R602 Hexane CH3(CHz).CH3 2347 | 304 0 3 A3 68.7 | 86.18 n.a.
n.a. Benzene C6HE 2889 | 43.1 0 n.a. B3 80.1| 78.11 n.a.
R603 Heptane CH4[CH.)sCH; (C;Hyg) | 267.1 | 27.4 0 3 A3 [98.4] 1002 | na.
CF6  |Novec 649 Dodecafluorg-2-methyl-3-pentanone CF,CF,C(0)CF(CFy)2 168.7 | 18.8 Q <1 n.a. 49 316 6.8
Ether |E170 Dimethyl ether CH3;0CH; 127.2 | 53.4 [ 1 A3 |-24.8| 461 39
Deutsche KlqINNNNLTT] Water H,0 373.9 [2206] 0 0 Al [100] 18 5.6
und n g R717 Ammonia NH; 132.3 |113.3 0 0 B2L [-33.3 17 27
Literat ti fri t opiti
I ———
2L -59,15 58.58 45.46 0 3
B2 47.7 234.1 1,13
A2 -83 30.1 0 4.4
N/A 76.95 67.7 1.9
Al 14.5 155.5 33.37 0,00012
2L -15 113.65 34.01 0 29
2L -20 106.15 33.35 0 2.9
2L -21.8 103.45 33.12 0 4.3
Al 18.1 166.5 35.7 0,0034 1.0
Al -1.67
A2L -29.5 94.7 33.8 0 4.0
A2L -19.0 109.4 36.3 0 6.0
A2L 9.7 150.1 35.3 0 1.4
2L -22 106.75 35.34 0 2.3
2L -25.4 103.8 35.2 0 1.2
A1l 33.4 171.4 29.0 0 2.0
Al 7.4 137.7 0 16.0
Al -21.9 123.3 0,008 0.4
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Price levels of working fluids relative to
R-600a (based on current budget prices)

Relative price for selected HT fluids

1,50
1,00
0,50

0,00

T—|CFO is regarded as an ODS in some regulations
HCFO-1224yd is not globally available
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TEWI calculations
Beregning af TEWI - for konstante driftsforhold

= TEWI calculations will give different Fales
results from country to country el
because the CO, emissions per kWh System System 2
electricity is different il K e LT

Leokrate 10 %/ar Leskrate 10 %/ar
; ; sy 5 Sroeag 51w
ektopta fektopta
. AISO the Cl I mateS are d Iffere nt from Arlig dv?ﬁsﬁd 7.200 timer/ar Arlig dv’;’ﬂsﬂd 7.200 timer/ar
region to region RSl B
Energiforbrug 280.800 kWh/ar Energiforbrug 367.200 KWh/ar

= It is not a static value "y e
u Some VaIueS are difficult to get Leekage-andel 0 kg CO2 Leekage-andel 996 kg CO2

Genindvindings-andel 0 kg CO2 Genindvindings-andel 896 kg CO2
Energiforbrugs-andel ~ 421.200 kg CO2 Energiforbrugs-andel  550.800 kg CO2

= A more complete calculation has been S I
proposed but that does not move the
individual values much
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Refrlgerant qua“ty Subiect Max. contamination in
— J new refrigerant
= AHRI standard 700 is a good Purity Min. 99.98%
reference for refrigerant quality Water <200 ppm
. . QOil 5 ppm
= NH; and CO, are available in = —
d Iffe re nt q u al ItleS Table 1C Carbon [;};x?d‘; ‘Ii;f;g;l;alr;; Characteristics and QII:\;‘;I;IIe‘.Levels of
. . . Contaminants
= CO, is more difficult to cleanup  ————— Reporing Unis 7
than NH; when it comes to non-  [subtimanon o
o K +0.3
condensables R
. . . Air and other non- - g i
= Water is easy to handle in CO, if |emensiic. et and messrs non-condemle direty | '3
the concentration is not too high  [oumrEsE o =
= NH; quality 3.8 and CO, quality 3 [ ™= iy wiue o
as a minimum Mmp Sy welehs =
= Some gases can be difficult to . Zﬂi‘:.’.}’:éii}’;?;;‘u’::5;‘2‘;2255?;‘;’:5.“;;?;‘fii;;‘i;f:i:%—i;i?‘.:i;;ﬂiﬁ;‘é,T“ e
. 2. Sample taken from vapor phase.
et |n Some markets 3. Sample vaporized from liquid phase.
:,fd":(’"?’:::g';; g_!ﬁ_g!@ Jahrestagung in Dresden 2021

The first considerations — What is important?

60 | 61000

W Tr——am R601
[
55 | 5'000 4 160 1 -~ R600 R600a ;
| | S0 “Rm oo
£ 4000 | '® 120 - 7
. 5.0 1 £ 5 3
- ’
9 € 3000 g 100 /
o 3 S g0 - /
45 g ] s S
§ 2'000 - 3 80 - r
= 1 El 1 /
) = 40 4 4 P
S @ 1000 ] -_ & =1 -
% 20 / B
H s - =zl
35 0 0
D00 00000000000
DO NN OULNOO OO
rrrrr NANANNNOOOM
Condensing temperature in °C Condensing temperature in °C Saturation temperature in °C

Assumptions:

500 kW cooling capacity
Temperature lift 60K

Superheat 20K and subcooling 20K

x:z?::::’::g _Q_‘,S!@ Jahrestagung in Dresden 2021
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Selected new refrigerants

(A) COPh for a number of refrigerants (B) Swept suction volume (500 kW )

5
2250 @—=R1224yd(Z)
4,9 w—R1224yd(Z) @—R1233zd(E)
e R1233zd(E) —_
48 R12347¢(2) < R12342¢(2)
47 — R1336mzz(2) £ 10 @—R1336mzz(2)
‘ a
g =
4,6 =
9 S 1250
4,5 s
(]
B
4.4 9 750
43
4,2 250
(=]
8 8 2 8 8 g 8 # 8 4 4 8 % 4
Condensing temperature (°C) Condensing temperature (°C)
Deutsche Kilte- i
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All in one — most fluids up to 150°C

(A) COP,, at 60K temperature lift for various
refrigerants 000

58 \'
56 5000 \
54
5,2
= = 3000
5 s
o
4,8 2000
4,6
1000
e \QM
—_—

4,2 0

(B) Swept suction volume to achieve 500 kW,

'y
=}
S
S

Swept volume (m3/h)

(=] o (=} o (=] o o o o (=] o o O © O O 0 0O o0 90 o0 o o 9
& O o W m I N B R Ao O & S A A mT DB R @O O
= A i . e e = S 1 b= J S I s (et T R - B
Condensing temperature (°C) Condensing temperature (°C)
e R1224yd(Z) e R12332l(E) R1234ze(Z) @——R1224yd(2) @==FR1233zd(E) R1234ze(2)
s R1336M22(Z) s R7 17 —@R600 @=—=R1336mzz(Z) m@immonia ==——@n-butane
—@R601 —@R600a —r 6012 —-pentane =———@iso-butane =———giso-pentane
—9R603 ——@R602 —gheptane —@hexane
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About refrigerants

Not all fluids an Ozone Depleting
Potential

In some cases sunlight can break the
refrigerant molecule in to R-23

Some members can be toxic

Deutsche Kilte-
und Klimatagun,
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58
[a]
56
) ) — R603
54 1 Higher is good 8o
52 — R601
S
S 50 — R601a
o — R600
48 — R600a
46 4 ==+ R1336mzz(Z)
--- R1233zd(E)
44 1 -~ R1224yd(Z)
42 R1234ze(2)
HFO/HCFO
refrigerants

Assumptions:

500 kW cooling capacity
Temperature lift 60K

Superheat 20K and subcooling 20K

Deutsche Kilte- [) KV%
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Saturation pressure in bar

6'000

5'000

4'000

3'000

2'000

Swept volume (m*/h)

1'000

0

Saturation temperaturein °C

— R603
R602
— R601
— R601a
— R600
— R600a
==+ R1336mzz(Z)
R1234ze(Z)
==+ R1224yd(Z)
==+ R1233zd(E)
HFO/HCFO
refrigerants

Higher is worse

==+ R1224yd(Z)
==+ R1233zd(E )
-=- R1234ze(2Z)
-~ R1336mzz(2Z)

HFO/MCFO
refrigerants
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Fluorinated hydrocarbons are heavy

\ R600

] —R600a

" Higher is a challenge R601

! —R601a
Hexane

—Heptane

—R717

- -R1336mzz(2)
R1233ze(E )

— -R1234z¢(2)

nd Kiimetaguny VS
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However,

O A number of concerns about the new refrigerants and
their long term stability is raised in some literature and
is still being tested

O Questions about the true ambient impact of the break
down products in sunlight and nature has been raised
and is still not finally clarified

O It has therefore been decided not to proceed in this
paper with these refrigerants

Deutsche Kilte- D)/,
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Properties of the selected candidate working fluids

AW 1 ot +4 £
VOIuITetrnc capdacity 101
vEp o me@o0°C ) .
COP@60°C temperature te?mperature lift selected working fluids
lift (kd/m?)
6,000 7000 4500
—n-butane
Higher is good 6000 . 4000 Higher is good
—n-pentane
5,500
E 3500
&~ 5000 —nheptane
IS 3000
5,000 ) Higher is worse -
4000
% g more expensive "382500
1) © >)2
4,500 / gSOOO 22000
[0) 1500
= 2000
4,000 @ 1000
1000
\ 500
3,500 0 0
PP PPLPLPLLILPP OO0 00000000
858588%88k858 $S28BTIBBRIBG 5555885388855
FFFFFFFFFF N — T T v v v v -_ - - = -
Condensing temperature Condensing temperature Saturation temperature (°C)

System pressure

= System pressure is an
important parameter to
consider

= Vessel price tend to increase
significantly when going over
40 bar

= For very high temperature well
over 250°C the pressure in
water vapor systems becomes

very high
#:::,‘;:;:::’:; 12.s\ 4§ Jahrestagung in Dresden 2021

Temperature/pressure chart for various
potential HTHP fluids

40

30

ju
&
20
10
0
- «R718 sl PR 6.1 RGN0
RG00a —lR G012 - =il lcptane
- o offcxane — 11223y d(£) . 17 23 32d(E )
— R1234ze(Z) R1336mzz(2)
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About flammability

Stoichiometric | Stoichiometric Auto
LFL concentration | concentration Released| Ignition
ASHRAE (IS0817) | UFL | UFL | Difference in air (ISO817) | combustion | Energy |Temperature

Refrigerant | Class %) g/m3 %, MJ/KG °C
m A3 2.1 378 10.0 179.9 7.9 4 72.0 46.3 3.3 470
m A2L 14.4 306.24 27.50 584.8 13.1 20 425.3 9.4 4.0 648
A2L 6.2 2891 123 5735 6.1 7.73 360.4 10.7 3.9 700
A2L 7 303.0 12.0 559.5 5.0 7.73 360.4 10.7 3.9 368
m A2L 48 129.7 17.3 467.3 12.5 5 135.1 16.5 22 440
A3 1.7 42.8 8.5 202.0 6.8 35 83.2 45.6 3.8 460
B2L 16 139.0 30.0 208.2 14.0 20 139.0 22.48 3.1 651

Deutsche Kilte- D)K.
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Stability of the working fluids at high temperatures

oot L Bpmmensicions 1 [opveor opmimion ||
USRI ASHRAE | Temperature Pressure Time  FRSNRTEX Ty MUY objective
(°C) (Mpa)  (h) function

[ ELE R-C601 5 - 1.8% y!
R601a 220-350 3-7 80  Subcritical ORC ra(:;;omposmon Vapor pressure  1.2% y! Pasetti et al
R600 08% v
- Maximum -
HFO-1234yf R1234yf 200-250 3.7 80  Subcritical ORC Vapor pressure  200°C Invernizzi et al.
temperature
Cyclopentane [zXeo) 240-300 43 05 |G oEe PR NERSEIRELEE oy o e
products concentration
Decomposition  "PeMane
R601 330-350 1 70  Subcritical ORC —— P remaining 0.076% y-1 Dai et al.
concentraion
[R-245fa | 320°C
[R-152a | a5 ne i |=eEe Decompostion  Fluoride ion 180°C e i
[R-236fa | temperature concentration ~ 400°C :
R-134a | 360°C
LU O T DKV,;\ Jahrestagung in Dresden 2021
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Compressor size and rule of thumb price

6
5 12.000
a
EE '§ 4 10.000
EQ ‘i% z % 8.000
g % = ;
g 6.000
ST 3 Ta s el 7elo 0] n]B] 3
——Screw |2,05]2,00]2.57| 2.1 |17 1711185158 1.99 163|140 1.17008| & 1
Recip | 4.4 [3,14[2,49(4,943,88(3,06 3,1 (2,39 2000
Srew | 4,9 [3,92(3,43|2,62|3,53(3,01/2,41[2,02

Swept volume [m3/h]

n-butane
pentane
-butane
iso-pentane
heptane
hexane

Price of steel needed after machining for a
compressor at Tc=120°C and a cooling
capacity of 500 kW

The average value is 2.83 or rounded off 3 kg/(m?h).

Deutsche Kailte- :
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Conclusions

= Not all parameters can be calculated
= Not all components are identified or developed/selected yet
= Traffic light table can help to keep track of these topics

= For temperatures above 250°C, water (R-718) is the only viable way to
produce superheated vapour

Components Availability Comments

Compressors Not all brands and types

Refrigerants Not all suppliers

Lubricants Not all temperatures

Valves Limits about 150 °C

Pipes Be aware of documentation

Vessels Low pressures, temp?

Filter driers Not evaluated

Heat exchangers Not all evaluated

Controls Algorithms for new fluids

Sensors Many sensors are limited to high temp.

Jahrestagung in Dresden 2021
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Deutsche Kailte-
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Conclusions

Selecting the best
refrigerant includes a
number og properties

All parameters are equally
important

Some parameters can be
calculated others need to
be experimentally validated

When all parameters and
design considerations have
been done you can set up a
field test

You can still be surprised

Jahrestagung in Dresden 2021

Critical
temperature

Critical
pressure

Heat
transfer

Compatibility

4'500 6'000
E 4000
3 5000 -
= 3500 £
2 3000 - E sinnp
.g 3'000 R600 £ 4'000
a 2'500 2
8 R601 € 3000
= 20000 - °
3 >
T 1'500 4 2000
2 :
o 1000 - R603 | &
£ 1'000
2 500
g 0 t——r ! I | 0 " : “
8828898882888 $8288288R88
Condensing temperature (°C) Condensing temperature (°C)
#::?lf:::t’::’:; »Q:’.“g!@f Jahrestagung in Dresden 2021

COP

5.8

56 4
54
52
5.0 4
48 -
46 -
44

42 ¢

140 -
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Some challenges ahead

Deutsche Kalte- ;
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Future work

Alkene Formula Alkanes Formula
Ethene or ethylene C2HA Wetane CH.
Propene or Propylene  [C3HE Sthane C:Hg
Butene C4H8 Mropane C;Hg
Pentene C5H10 Jutane CAHZO
s Hexene C6H12 Pentane C5HZZ
@ Heptene C7H14 Hexzna CSH 2
Octere C8H18 Heplane C7HZG
Nonene C9H18 Oztane C3H20
Decene C10H20 Nnnane CAHIN
! Decznz C10HZ2
Undecane C11HZA
Dodecane C12HZE
Cetane C16H3A
Zlcosanz C20HL2
5 Doccsane CIIHE
45 0 < o S P - o " o Hexstriacontane |C36H74
Tetracontan CAOHEZ

Deutsche Kilte-
und Klimatagung :

Jahrestagung in Dresden 2021
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Future work

O Diving in new solutions and exploring new technical options

O New gases will not emerge but have we looked at all
options?

O Efficiency is of the essence and can we do better?

O The Industry has to learn with a new fact of life: flammable
refrigerants

O Some of us have lived with it for years so why can other not?

Deutsche Kailte- :
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Thank you for
your kind
attention

1o mody s ox and ‘Apply o all
Jahrestagung in Dresden 2021
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