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50t anniversary of establishment of SAREK
(1971 to 2021) What changed?

Year 1971 issues Year 2021 issues n
Power generation By-products of power generation
- Plenty of coal but - CO, emissions (fossil fuel) ==) 2015 Paris Agreement
proven oil reserves
for 30 years only - Nuclear waste and safety

(nuclear power plants)

- Ecological impacts 3
. o v
(hydroelectric dams)

Will the Snake River’s Dams Be the
Next to Come Down?
A kit A ke g el Edah o




Industrial revolution (1760~1840)

Adjusted for inflation and measured in British Pounds in 2013 prices

£30,000

£25,000

o Improved productivity through inventions and new

production methods
Watt’s steam engine; iron production; textile industry ...

£20,000

£15,000
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Source: GDP in England (using BoE (2017)) OurWorldinData.org/economic-growth » CC BY-SA
Note: Data refers to England until 1700 and the UK from then onwards

OurWorldInData (2021)

o 2015 Paris Agreement
Hold global warming to well below 2 °C and

HadCRUT4 =—— GISS

O
pursue to limit global warming to 1.5 °C relative to pre-industrial levels. %
UN (2015) E
Average global temperatures reached 1 °C above pre-industrial levels E
in 2015 for the first time. ciémengon (2016) g
The Earth is within 1 °C of the “2 °C limit”. 1850 1900 1950 2000
Year

Annual global mean surface temperature relative

to 1961 — 1990 average (three databases shown),
Myhre, G. etal. (2013)



Use of refrigeration has environmental consequences

o 7.8 % of global GHG emissions are attributed to the refrigeration sector

Direct emission contribute 37 % Indirect emissions contribute 63 %
2 2

* Low-GWP refrigerants * Increase of efficiency

* |Improved containment e Automated fault detection

e Lower refrigerant charge
* End-of-life recovery

o Kigali Amendment to the Montreal Protocol T
Over 80 % cut in production & consumption of HFCs by 2047 X3 ‘
l 'gi 70
Bring weighted GWP across all sectors to = 300 § 0.
l 'E 40
Reduce future global warming due to HFC g
from 0.3 °Cto 0.5 °C to less than 0.1 °C R 20 —/ —
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Refrigerant safety classification

ANSI/ASHRAE Std. 34-2019: Designation and Safety Classification of Refrigerants
ISO 817:2014: Refrigerants — Designation and safety classification

|

N

ege o greo ° drdius C
Flammability classification T e R
Air Ini Feafrigarant In E

Class 1: No Flame Propagation (ASTM E681 test) A
s

Class 2L: Lower Flammability ,:I
LFL > 0.10 kg/m3 (150 817: 3.5 % by volume) G

Heat of combustion < 19000 kJ/kg
Burning velocity £ 10 cm/s

Class 2: Flammable
LFL > 0.10 kg/m3 (150 817: 3.5 % by volume)
Heat of combustion < 19000 kJ/kg

Class 3: Higher Flammability
LFL <0.10 kg/m3?® or
Heat of combustion > 19000 kJ/kg

<HA—-—rr—-—wWr=E==2>rrmm

-

SAFETY GROUP
Higher
Flammability A3 B3
Flammable A2 B2
Lower A2L B2L
Flammability
No Flame_ A1 B1
Propagation
Lower Higher
Toxicity | Toxicity

.
-

INCREASING TOXICITY

Toxicity classification
Class A: Lower toxicity; OEL > 400 ppm (v/v)

Class B: Higher toxicity; OEL < 400 ppm (v/v)



Evolution of refrigerant applications

Whatever
worked

1st
Generation

1830 to 1930
Ethers
HCOOCH; (R-611)
co, (R-744)
Ammonia (R-717)
SO, (R-764)
CH.CI (R-40)

r 2

tlydrocarbons

safety &
duragility

Water chillers
(centrifugal)

Domestic
refrigeration
Air
conditioners

) Commercial

refrigeration

Normal bubble point (°C)

CFCs & HCFCs

(" 2nd Generation |
1931 to 1990s

R-11 23.7
R-12 -29.8
R-22 -40.8
R-502 -45.3
_ (R-115/22) )

ozone
protection

HFCs & Hcrc

(" 3rd Generation
1990 to 2010s

R-123 (Hcre)  27.8
R-134a -26.1
R-407C -43.6
(R-32/125/134a)
R-410A -51.4
(R-32/125)
R-404A -45.7

(R-125/1432a/134a) y

mmm No flame propagation 1

mmm Flammable 2
mmm Higher flammability 3

HFO-1234z¢(E)

# of fluorine atoms
# of hydrogen atoms +1
# of carbon atoms -1
# C=C double bounds

Hydrofluoroolefins,
HFOs Unsaturated HFCs

( 4th Generation )
2010s to ...

R-1030(E)  47.7
R-1336mzz(Z) 33.4
R-1233zd(E) 18.1
R-1224yd(Z) 14.5
R-1234ze(E) -19.0
R-1234yf  -29.4

global
\ warming
mitigation

GWP <3.7

- J

Calm (2008), Calm (2012), Myhre, G. et al. (2013), WMO (2019)



Evolution of refrigerant applications

Whatever
worked

1st
Generation

1830-19
Ethers
HCOO

co,

SO,
CH.CI
tlydrocarbons

4 )

Domestic
refrigeration

Air
conditioners

) Commercial

refrigeration

Natural fluids

CFCs & HCFCs

(" 2nd Generation |
1931 to 1990s

R-11 23.7
R-12 -29.8
R-22 -40.8
R-502 -45.3
_ (R-115/22) )

ozone
protection

HFCs & Hcrc

(" 3rd Generation
1990 to 2010s

R-123 (Hcre)  27.8
R-134a -26.1
R-407C -43.6
(R-32/125/134a)
R-410A -51.4
(R-32/125)
R-404A -45.7

(R-125/143a/134a) y

global
warming
mitigation

mmm Flammable

mmm Noflame propagation 1

mmm Higher flammability 3

2

Fluorinated

single-compound

options

HFOs & HFCs

(" 4th Generation
2010s to ...

R-1030(E)  47.7
R-1336mzz(Z) 33.4
R-1233zd(E) 18.1
R-1224yd(Z) 14.5

~

R-1234ze(E) -19.0
R-1234yf  -29.4 ||
R-152a -24.0
R-32 -51.7

- J

GWP <3.7
GWP =138
GWP =677

Calm (2008), Calm (2012), Myhre, G. et al. (2013), WMO (2019)



virtual screening

NIST Database screening for R-410A substitutes

Molecule count

PubChem database 60 000 000 | Nonmetalic |

|
® Componentatoms: C,H, N, O, S, F, Cl, Br _ SToIn o I;
® Maximum number of atoms: 18 - silplslall &
> 184 000 "y
B Agz|Se [Br :5-
%@6 Te| 1| =
| At

McLinden et al. (2017); Domanski et al. (2017)



COP and Q,,,

Air conditioning

COP/COP, ..,

Basic cycle

1.10 . . . . . [}
R-161 .
1 _05 T T e ./,4? ........
R-1132(E) R-1270
R-290 A
R-22
R-C270—A \
difluoromethanethiol
1.
00 R-1261ze -_R-E170% »— trifluoropropyne — R-410A
E-Ei?‘ﬂ? %— trifluoromethanethiol
- % "\ R-134a R-1141—
095./ .................................................. -
S tetrafluormethaneamine
R-1225ye(Z) R-125 —% | ® High GWP, Non Flammable
0.90 e I TTIIIY A Highly Flammable -
tetrafluorodioxole Flammable
# Non Flammable
* Unknown Hazards
D 85 1 | ] I | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Q /Q
vol “vol,R-410A

Capacity boosters: R-41, R-1132a, R-170, R-744

McLinden et al. (2017); Domanski et al. (2017)



Basic cycle

C O P d Q o
EXPANSION
i COMPRESSOR 6

Air conditioning

1.10 . . . . ' e foo] ]
R-161 .
1 _05 T T e ./,4? ........
R-1132(E) o —R-1270
< R-290 R-22
o R-C270—A
=+ difluoromethanethiol
1 1.
o 00 R-1261ze -_R-E170% »— trifluoropropyne — R-410A
% E-Ei?‘ﬂ? %— trifluoromethanethiol
Q__ ) .\Ft-ﬁda F|—1141/A
o 0.95F - ANCLELLRIEETETIRPPP PRPRRRRTN B A CRLEIEEITIRT, -
@
O ( tetrafluormethaneamine
H-1225ye[zf R-125 —% | ® High GWP, Non Flammable
0.90 e I TTIIIY A Highly Flammable -
tetrafluorodioxole Flammable
# Non Flammable
* Unknown Hazards
D 85 1 | ] I | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

nl'favnl,H—M 0A

Capacity boosters: R-41, R-1132a, R-170, R-744

O‘U‘

McLinden et al. (2017); Domanski et al. (2017)



COP and Q,,,

Air conditioning

COP/COP, ..,

1.10

1.05

1.00

0.95

R-1225ye(Z)

1 | | | | | | | |
R-161 e
R-1132(E) R-127
R-290 A ’
R-22
R-C270—A \
difluoromethanethiol
R-1261ze -_R-E170% »— trifluoropropyne .\‘_“*H—MDA
E-Ei?‘iﬂ?g %— trifluoromethanethiol
- / ::Ft_ﬁda T F|—1141/"
s

R-125—% | =

High GWP, Non Flammable

0.90 O T Fy Highl]r Flammable s
tetrafluorodioxole Flammable
4 Non Flammable
X Unknown Hazards
0.85 1 || 1 | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Ovulfavnl,ﬂ—h 0A

Capacity boosters: R-41, R-1132a, R-170, R-744

Basic cycle

CONDENSER

COMPRESSOR 6
EVAPORATOR

EXPANSION
DEVICE

McLinden et al. (2017); Domanski et al. (2017)



Global Warming Potential (GWP) S

GWP = Time-integrated global mean radiative forcing Atmosphere
referenced to that of CO, (100 years horizon)

® Ability to trap Earth’s infrared radiation [radiative efficiency, RE (W-m2-ppb1)]

REcrc nere nre= 0.10 to 0.32
RE, o = 0.01 to 0.07 HFOs have a lower RE by one order of magnitude.

® Atmospheric lifetime, LT (years)

LT = up to 1020

LT e =up to 17
LT,rc = typically 5 to 29 (up to 242)

LTyro < 0.06 HFOs have a shorter LT by up to three orders of magnitude.

GWP_.. =4660 to 13900
GWP,, = 79 to 1980
GWP,, = 4 to 12400

GWP,, < 16
GWP, <1

Myhre, G. et al. (2013), WMO (2019)



Trade-off between GWP and flammability

|
Cl—cCc—d
|

R-12
GWP = 10200; Safety: Al

|
H—C — (i —
H H |
B H
H—C-..~-C—H R-134a

| | | GWP = 1300; Safety: Al

H C H

H” | H

BothH and C=C

R-600a H shorten atmospheric life (GWP )
GWP < 1; Safety: A3 and increase flammability.

H
||
H—C—C—
|
H H
R-152a

GWP = 138; Safety: A2

H

\ /
C=C

/ \C/

H /7N
R-1234yf

GWP < 1; Safety: A2L



Cycle simulations with CYCLE_D-HX

125.0__ ! T L T ot -

Input data 000 i
. N Heat smk;

* Inlet and outlet temperatures of heat sink and heat source L 7500 :

* Compressor efficiency 8 2%

aé. S -

. g 0_05_ _E
Water-to-refrigerants hxs N it X :
-250F \ -

T T N TN N TN TR SN Y TR TR T N [ T R R

® AT,y evaporator @Nd AT ondenser the same for each fluid
* Zero pressure drop

1.0 15 20 25
Entropy (kJ/kg.°C)
Heat source

Air-to-refrigerant hxs

® Optimization of the number of parallel refrigerant circuits to maximize COP

¥

The same for li !'

.~ all refrigerants ol

AT, = Qi UA,, = 1 g
hx — X '
UAhX [Rair+ Rtube] + Rr r
Va |

The same for Calculated for PR

all refrigerants each refrigerant

®* Pressure drop simulated in relation to the value for the reference fluid
Brignoli at al. (2017), Brown et al. (2021), Lemmon et al. (2018)



mmm No flame propagation 1

Low-GWP refrigerant options

mmm Flammable 2
Centrifugal water chillers (water cooled) mmm Higher flammability 3

EXPANSION
. DEVICE COMPRESSOR '

AHRI Std. 550/590

- test conditions
HFCs & Hcrc Low-GWP options
(" 3rd Generation ) /4™ Generation coP Qv )
1990 — 2010s 2010s— NBP (°C) Safety GWP Composition (mass) COP. ¢  Ques
R-123 (Hcr) 27.8 ?: R-514A 29.0 B1 2*  R-1336mzz(Z)/1130(E) (74.7/25.3) =1.0 =1.0%&
R-134a -26.1 R-1233zd(E) 18.1 A1 3.7* 099  1.37
R-1224yd(Z) 14.5 A1 <1* 097  1.55
R-515B -19.0 A1 299  R-1234ze(E)/227ea (91.1/8.9) 099 0.73
R-1234ze(E) -19.0 A2L <1 0.99 0.74
R-513A 29.2 Al 573 R-1234yf/134a (56/44) 0.97 1.01
R-1234yf  -29.4 A2l <1 096  0.94
\R-516A -29.4 A2L 131 R-1234yf/134a/152a (77.5/8.5/14) 0.97 0.99 y
N\ J

Myhre, G. et al. (2013), *WMO (2019), *AGC (2017), &Allgood et al. (2021)



Low-GWP refrigerant options

Automotive air conditioner

HFCs & Hcrc

4 .
3rd Generation
1990 — 2010s

R-134a -26.1

\_

J

mmm Noflame propagation 1
mmm Flammable 2
mmm Higher flammability 3
&) Siimsion COMPRESSOR. T 433
TSpace =26.7°C
Glide at normal
. bubble point
Low-GWP options
/4“1 Generation coP Qv Glide\
2010s— NBP (°C) Safety GWP Composition (mass) COP.s Quer  (°C)
R-744 (CO,) -78.0 A1l 1
R-444A -34.3 A2L 1 R-32/152a/1234z¢(E) (21/5/83) 0.98 1.01 10.0
R-1234yf  -29.4 A2l <1 091 091
R-516A -29.4 A2L 131 R-1234vyf/134a/152a (77.5/8.5/14.0)  0.96 0.96
R-152a -29.2 A2 138 1.07 0.98
R-513A -29.2 Al 573  R-1234yf/134a (56/44) 095 1.00
R-450A -23.4 Al 547 R-134a/1234ze(E) (42/58) 0.98 0.86 0.6
R-1234ze(E) -19.0 A2L <1 097 0.73
\ R-515B -19.0 A1 299 R-12347ze(E)/227ea (91.1/8.9) 036 0.72 )

Transition to R-1234yf is dominant for MAC systems.

Myhre, G. et al. (2013)



mmm No flame propagation 1

Low-GWP refrigerant options

mmm Flammable 2
. . Higher fl bili 3
Domestic refrigerator m— Meher ammabiity
— o
A0 & -
i‘»s Ui 'L'!!'ill | EXPANSION COMPRESSOR'
| ——B LUS:HX Tambient= 25°C
N i Ty T_: S =18
HFCs & Hcre Low-GWP options
( 3w Generation | /4th Generation COP Qu Glide )
1990 - 2010s 2010s— NBP (°C) Safety GWP Composition (mass) COP Que (°C)
R-744 (CO,) -78.0 Al 1
R-134a -26.1 R-444A -34.3 A2L 1 R-32/152a/1234z¢e(E) (21/5/83) 0.98 0.95 10.0
R-1234yf -29.4 A2L <1 0.96 1.07
R-516A -29.4 A2L 131 R-1234yf/134a/152a (77.5/8.5/14.0) 0.98 1.06
R-152a -29.2 A2 138 1.06 0.90
R-513A -29.2 Al 573 R-1234yf/134a (56/44) 0.98 1.10
R-450A -23.4 Al 547 R-134a/1234ze(E) (42/58) 099 0.84 0.6
R-1234ze(E) -19.0 A2L <1 097 0.69
~ R-5158 19.0 Al 299 R-123470(F)/227ea (91.1/8.9) 0.96 0.67
w-GOOa -11.7 A3 <1* 1.01 0.49 /

Transition to R-600a has occurred in the E.U. Myhre, G. et al. (2013), “WMO (2019)



Low-GWP refrigerant options

Commercial refrigeration; reach-in cooler, T,

HFCs & Hcrc

4 .
3rd Generation
1990 - 2010s

R-134a -26.1

pace

=5°C

Low-GWP options

mmm No flame propagation 1

mmm Flammable 2
mmm Higher flammability 3
. EJE(G'TCI;‘JESION COMPRESSOR .
Tambient=32-o C
Tiare=50°C

/~ 4th Generation

2010s— NBP (°C) Safety GWP Composition (mass) COP,s Qv (°C)
R-744 (CO,) -780 A1 1
R-290 -42.3 Al <1* 1.05 1.49
R-444A 34.3 A2l 89 R-32/152a/12347¢(F) (12/5/83) 095 1.00 10.0
R-1234yf -29.4 A2L <1 0.94 0.96
R-516A 29.4 A2l 131 R-1234yf/134a/152a (77.5/8.5/14.0) 0.98  1.01
R-152a -29.2 A2 138 1.04 0.95
R-513A -29.2 Al 573 R-1234yf/134a (56/44) 0.97 1.04
R-450A -23.4 Al 547 R-134a/1234z¢e(E) (42/58) 0.98 0.86 0.6
R-1234ze(E) -19.0 A2L <1 097 0.72

\R-S].SB -19.0 Al 299 R-12347e(E)/227ea (91.1/8.9) 0.98 0.71 /

COoP Qv Glide\

Myhre, G. et al. (2013), *WMO (2019)



. . mmm No flame propagation 1
Low-GWP refrigerant options = Lower b :
Commercial refrigeration; low-temp walk-in freezer, T, .= - 23 °C mmm Higherflammability 3
&) Siimsion COMPRESSOR 5 T 32.0°C
. Tspace =-23.0°C
HFCs & Hcrc Low-GWP options .
g 3rd Generation A /4”‘ Generation coP Q Glide\
1990 — 2010s 2010s— NBP (°C) Safety GWP Composition (mass) COP,; Qv (°C)
2 R-455A -51.6 A2L 147 R-744/32/1234yf (3.0/21.5/75.5) 1.02 0.90 125
/ R-454C* -46.0 A2L 146 R-32/1234yf (21.5/78.5) 1.03 0.82 82
< R-452A -47.0 Al 1945 R-32/125/1234yf (11/59/30) 099 0.96 3.8
R-449A* -46.0 A1l 1282  R-32/125/1234yf/134a (24.3/24.7/25.3/25.7) 1.07 096 6.1
R-448A -45.9 Al 1273  R-32/125/1234yf/134a/1234z¢(E) 1.07 0.97 6.1
R-457A -42.7 AL 139 R-32/1234yf/152a (18/70/12) 1.06 076 7.2
R-404A -45.7
(R-125/1432/134a) R-744 (CO,) -78.0 A1l 1
- J \_R-290@% -42.0 Al <1* 111 087 )

# Other blends are available in this series
@ Small refrigerant charge equipment

& Applications with secondary fluid

Transport refrigeration:
R-404A -> R-452A ->?
R-134a-> R-513A ->7?

R-744 options: cascade system (R-1234ze(E)/R-744, R-717/R-744); supermarket system (booster system)

Myhre, G. et al. (2013), *WMO (2019), Kujak & Schultz (2020)



Low-GWP refrigerant options

Space air conditioner (residential, small commercial)

HFCs & Hcrc

4 3rd Generation

1990 — 2010s

R-410A -51.4
(R-32/125)

Low-GWP options

mmm No flame propagation 1
mmm Flammable 2
mmm Higher flammability 3
o}
. E’ésngSION COMPRESSOR .
AHRI Std. 210/240
test A conditions

(" 4t Generation COP Qv Glide A
2010s — NBP (°C) Safety GWP Composition (mass) COP,.; Qv (°C)

R-32 -51.7 A2L 677 1.05 1.10
R-452B -51.0 A2L 676 R-32/125/1234vyf (67/7/26) 1.02 0.98 0.7
R-454B -50.9 A2L 467 R-32/1234yf (68.9/31.1) 1.02 097 0.9
R-466A -51.7 Al 697 R-32/125/CF,l (49/11.5/39.5) 1.01 1.07 0.7
R-744 (CO,) -78.0 Al 1
R-290@&  -42.0 A3 <1* 1.03  0.58
R-717 -33.0 A2L <1 1.13 0.78

. J

@ Small refrigerant charge equipment
& Applications with secondary fluid

Myhre, G. et al. (2013), *WMO (2019)



Any new single-compound fluids for AC?

New entries to ASHRAE Std. 34 since 2017
NBP (°C) Safety GWP

* R-1224yd(Z) CF,CF=CHCL 14.5 Al 1
* R-1336mzz(E) CF,CH=CHCF, 7.4 Al 16*
« R-1311 CF,| -21.9 Al 1
+ R-1132a CF,=CH, -86.7 A2 1

New fluid of interest
NBP (°C) Safety GWP
 R-1132(E) CHF=CHF -53.0 not assigned,  ?

likely flammable

Limited property data: Akasaka et al. (2020) & Perera et al. (2020)

Note: NBPg_4;05= -51.4 °C

mmm Noflame propagation 1

mmm Flammable 2
mmm Higher flammability 3

} Low-pressure applications

" Can be used as a component of non-flammable
blends. Challenge: reactivity

1

New toxicity data
Ultra-low temp. applications

1.10 T \ T
R-161 > —
1.05F s P ATt // .............
- R-1270
. —
< R-290 R_22
=} R-C270—A
I difluoromethanethiol
1.00 % -
o R-1261ze . R-E170 e tri prop: R-410A
3 :—:ggmé B trifluoromethanethiol
o . " R-1342 A-t1ar
8 095.// \\ .............................. \\ ..............
3 14 | Ao tetratuormethancamine
R-1225ye(Z) R-125—8 | ® High GWP, Non Flammable
0.90F T A Highly Flammable
tetrafluorodioxole Flammable
4 Non Flammable
% _Unknown Hazards
0.85 L " " I I I
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

c;’vell('-'!vnl,ﬁ—nﬁ 0A

Myhre, G. et al. (2013), *WMO (2019)



Concluding comments

o Availability of low-GWP refrigerants varies between applications

* Low-pressure applications: good availability; low GWP, nonflammable
 Medium- and high-pressure applications: replacement fluids are at least mildly flammable
* No direct HFO replacement for R-410A and R-404A

* Transition to 2L refrigerants in most applications

* Increased market share of natural refrigerants T —
* Increased marked fragmentation [
o Trade off between GWPl and fIammabiIityT e Ry i L

mmmmmmmmmmmmmmmmmmmmmmmmmmm
5888888886888338333888883333333338
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

o Prospects for finding new viable refrigerants are minimal

o We will have to use refrigerants judiciously, which includes:
« Selection of refrigerant recognizing environmental and safety considerations

* High-efficiency, leak-free equipment
* |Improved refrigerant handling practices (equipment commissioning, servicing, and decommissioning)



Thank you for your attention.
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