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SUSTAINABLE PROGRESS 

Reducing Greenhouse Gas Emissions

Work Benefits the Business, People and the World – Now and in the Future



HISTORY OF HVAC&R REFRIGERANTS

Societal Demands Continue To Drive Refrigerant Innovations

1st Generation
“What Ever Worked”

2nd Generation
“Safety and Stability”

3rd Generation
“Ozone Protection”

Ozone 
Depletion

4th Generation
“Global Warming”

Global
Warming

1830’s – 1930’s 1930’s – 1990’s 1990’s – 2010’s 2010 - ??

• Limited applications 
mainly industrial 

• “Poor safety & cost” 

• Innovation enabled 
exponential societal 
improvements

Preserved 2nd gen. 
innovations, safety, 
stability and efficiency

• Fewer optimal choices
• Safety and  design 

challenges

• NH3
• CO2
• Various Hydrocarbons
• H2O
• Sulfur Dioxide
• Methyl Chloride (R40)

• NH3
• CFCs and HCFCs
o R11
o R12
o R22
o R502

• NH3
• HCFCs & HFCs
o R123
o R134a
o R410A
o R404A
o Many Blends

• NH3
• Low GWP HFCs & HFOs
o R1233zd (E)
o R1234yf & R1234ze(E)
o HFC/HFO blends

• Renewed “Natural” interest
o CO2
o Hydrocarbons



October 15, 2016 

MONTREAL PROTOCOL HFC AMENDMENT AGREEMENT 
KIGALI AMENDMENT - GLOBAL TRANSITIONS BASED ON GWP
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A5 Countries (Group 1)

2

1

90

70

50

15

90

80

70

15

90

55

30

20
15

93

63

45

31

24
21

Final Baseline Quantity = ~300 GWP Average

Phase Down not a Phase Out Program - Unlike First Montreal Agreement
Final GWP Average Allows for Products Without Ultra Low GWP Solutions
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TOOL BOX FOR LOW GWP NGR’S 

R32

R152a
R1234yf
R1234ze(E)
R1123
R1132a

CO2
Ammonia

GWPModerate HFCs
(GWP > 150 to 1,000)

Low HFCs, 
HFOs 

and Naturals
GWP ≤ 150)

Non-fluorinated (Naturals)

R1233zd(E)
R1336mzz(Z)
R1130 (E)
R1224yd(Z)
R1336mzz(E)

Hydrocarbons
Water
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Global
Warming

HFC’s and HFO’s

GWP

GWPHigh HFCs
(GWP > 1,000)

R134a
R125
R227ea GWP

ODP Ozone Depletion
Potential

Acute Toxicity

Cost

Concerns

Global Warming
Potential

GWP

Slightly
Flammability 2L

Flammable

Efficiency

Chemically 
Unstable



Balancing Key Factors for;
Direct Refrigerant GWP
Efficiency (Indirect GWP)
Safety
Transition Costs
Intellectual Property 
Product Sustainability 

REFRIGERANT SELECTION CHALLENGE

Minimal 
Environmental 

Impacts
(TFA)

Low 
Emissions 

(leaks)

Lowest 
Indirect GWP 

(efficiency) 

De Minimis 
ODP

Lowest 
Direct GWP

Safety

Economic  
Environmental

Social
Demands

Challenge:  Selecting Refrigerants with Balance



Most Candidates HFOs and Blends of HFOs, 
HFC and Naturals Balancing Key Factors for;
• Direct Refrigerant GWP
• Efficiency
• Capacity
• Flammability
• Glide
• Intellectual Property
• Other Secondary Factors →(materials 

compatibility, product costs, lubricants 
available, compressor discharge temp)

R1234yf

R152a

R290, R1270 
and R441AR601 & R601a

R600 & R600a

NEXT GEN REFRIGERANT ALTERNATIVES - FLAMMABILITY 

Nonflammable GWP Limits
R123 - <150 GWP
R134a ~600 GWP

R404A  ~1200 GWP
R410A – No Nonflammables



REFRIGERANT SAFETY CLASSIFICATIONS
ASHRAE 34

Flammability is a Continuum and Not Specific Limits
“Flammable is Flammable”



BACKGROUND - FLAMMABILITY BASICS

ASHRAE Journal 
May 2017



IDENTIFYING REFRIGERANT FLAMMABILITY RISKS

Refrigerant 
Manufacturing

Product 
Manufacturing

Delivery & 
Installation

Product 
Operation & 
Application

Service and 
Installation End of Life

Flammability Risks : A Cradle to Grave Understanding Needed

Refrigerant Leaks Are Possible With Each Operation 
Specific Processing Changes Are Needed To Minimize Flammability Risk



PRIMARY FLAMMABILITY CHALLENGE - REFRIGERANT INDOORS
RELEASABLE CHARGE SIZE, IGNITION SOURCES, MITIGATION & MINIMIZING EVENT SEVERITY

Ignition 
Event

Fuel-LFL
“Refrigerant 

Leak”

Ignition Source 
& Energy Event 

Severity






FLAMMABILITY SAFETY 
CONTROLLING  & DESIGNING FOR KEY FACTORS

• Fuel – Refrigerant Concentration (LFL)
—Refrigerants with higher LFLs are safer as higher refrigerant 

concentrations are required to obtain a flammable mixture

• Ignition Sources and Energy (MIE)
—Restrict or Enclose
—Refrigerants with higher MIEs are safer because it requires a 

stronger ignition sources to be present to start the 
combustion process 

• Severity of Event
—Design application to handle the pressure rise (venting)
—Design refrigerant to minimize potential secondary issues
—Refrigerants with lower burning velocities can reduce the 

flame propagation of an event

Defining Flammability Safety a Large Industry Challenge



Frequently 10-2

Occasionally 10-3

Rare 10-4

Usually not 10-5

Very Difficult 10-6

Extremely Difficult 10-7

Near Zero 10-8

0 I II III IV
No 

Damage
Minor 

Damage
 (smoke, 

small 
localized 

events)

Light 
Damage

 (Fire from 
product, 

minor 
pressure 
rise, l ight 

injury) 

Major 
Damage 
(fire and 
human 
injury)

 Lethal 
Damage 

(permanent 
injury, 

death, burn 
down 

house)

Risk = Likelihood & Severity

→Severity→

→
Lik

el
ih
oo

d→ Alw
ays

Acceptable

UNDERSTANDING FLAMMABILITY RISKS & IMPACTS 

Industry Conducting Risk 
Assessments by Application Type to 

Understand Probability of Event

Non-Flammable Refrigerants
Charge Limits Set by Toxicity

Fuel-LFL

Ignition 
Energy

Ignition 
Event

Severity 
of Event

Probability of Event

Severity of Events Not Well 
Understood, Industry Recently has 
Completed Work in Whole Rooms
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Increasing Refrigerant Charge

COMPARISON OF HVAC&R APPLICATION FLAMMABILITY RISKS

100% LFL
308 g/m3

Cooling Load,  Space Volume & Space Fill Important Factors in Assessing Risk

•Autos

•Residential (22.5 m2/kw)
•Office (10.4 m2/kw)

•Dining (4.9 m2/kw)
•Commercial Kitchen (2.5 m2/kw)

•VRF (Small Office, 9 m2) •Rail 
(Saloon)

•Rail (Cabin) •Bus (Cabin)•Trailer 
(80% Fill)

•Trailer Multi-Temp 
(80% Fill)

Chillers 
(750 ton, ~800% LFL)

RCL R404A

RCLs (LFLs) for Various 
Refrigerants in Std 34 (g/m3)

R410A = 420
R404A = 500
R407C = 290
R452A = 440

R32 = 77 (308)
R452B = 77 (308)

R1234yf & ZE 72 (288), 75 (300)

Air Compressor Driers
Flammable Refrigerant 

Compressed in Air?

•?Portables
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Increasing Refrigerant Charge

ULTRA LOW GWP PRODUCT INTRODUCTIONS (<150 GWP)

Where Nonflammables Available – Introductions in Large Charge Products
Flammables – Restricted to Small Charge or Indirect Outside Products

Numerous Moderate GWP Products Introduced (nonflammable) Filling Gap

•Autos
(R1234yf, Few CO2)

•Small Packaged/Portable Products (hydrocarbons, New HFO/HFC Blends)

Large Water Cooled Chillers 
(Nonflammables Available R1233zd(E) & R514A)

100% LFL

Air-Cooled & Water Cooled Chillers - Europe 
(2L R1234ze(E) & R1234yf)

R1234yf R1233zd(E) R1234ze(E)

R290

Very Small 
Charge Systems

<150 grams HC
<1 kg for A2Ls

Large Charge WC Systems 
Mechanical Equipment Rooms (MER)

Low GWP Nonflammable Available
Some A2L’s Introduced

Larger Charge AC Systems (Outside)
A2Ls Being IntroducedR1130(E) R1336mzz(Z)

R514A

R600a



REFRIGERANT FUTURE INSIGHTS
• Limited Nonflammable Alternatives 

- R123: Ultra low GWP nonflammables available (<10 GWP)
- R134a: 400-600 GWP limit for nonflammables
- R404A/R407C: 1200-1400 GWP limit for nonflammable
- R410A: all candidates 2L 
- Innovation is constant and evolving – new alternatives being identified

• Flammability a Technical & Application Challenge 
- No History/Experience – Industry Learning and Conducting Research
- Designing Refrigerants for Lowest Possible Flammability Risk Possible
- Industry Working on Defining Flammability Safety 
- Industry Standards for Handling Flammables Starting to Appear

• Design Compatible Alternatives Identified –But..
- More Zeotropic Blends Possible 
- New Design Centerlines Likely
- Product Category Fragmentation by Refrigerant Likely

Meeting Montreal Protocol Goals Possible 
Interim Moderate GWP Nonflammable Refrigerant Available
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