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To safely use refrigerant mixtures containing ethylene series HFOs that have the potential for self-decomposition
reactions, we have been collaborating with NEDO’s Study Group on Self-Decomposition Reactions. In this paper, we
introduce approaches to self-decomposition and necessary parameters, such as threshold conditions of the reactions and
reachable temperature and pressure conditions that may occur during abnormal operation scenarios in refrigerant cycle
apparatus, as well as the equipment specifications believed to avoid self-decomposition reactions.
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1. INTRODUCTION
To address global warming issue, phasing down of HFC
refrigerants was decided in the Kigali amendment of
Montreal protocol, and low GWP transition of refrigerant
is an immediate task. To tackle this issue, green
refrigerants have been developed in the project of “New
Energy and Industrial Technology Development
Organization (NEDO)” and ethylene series HFO
refrigerants such as R1132(E) and R1123 are included in
the candidate mixtures of green refrigerants. (Currently
our tentative target refrigerants are R1132(E) based
mixtures, R474A, R474B and R479A.)
Ethylene series HFO refrigerants have a characteristic that
a self-decomposition reaction occurs when trigger energy
for the chemical reaction is added under high-temperature
and high-pressure conditions. If the self-decomposition
occurs, there is a risk of compressor rupturing in the worst
case. In use of ethylene series HFO refrigerants, ensuring
safety against this chemical reaction is needed. To conduct
risk assessment on the safe use of these green refrigerants,
The Japan Refrigeration and Air Conditioning Industry
Association (hereinafter called “JRAIA”) organized
“Self-decomposition Reaction Risk Study Working Group”
and has been working since 2022. In this paper, we
introduce study results on self-decomposition reactions
which have been obtained in the WG activity.

2. SELF-DECOMPOSITION REACTION RISK

ASSESSMENT ORGANIZATIONS AND ROLES
Self-Decomposition Reaction Risk Study WG is working
on this study while exchanging information with NEDO’s
Study Group on Self-Decomposition Reactions. NEDO’s
study group mainly studies the conditions of occurring
self-decomposition reactions and the measuring method
for these conditions, and international standardization.
JRAIA’s WG mainly studies reachable temperature and
pressure conditions while refrigeration and air
conditioning apparatuses are in operation, and then
assesses the risks of self-decomposition reaction
occurrence.

3. MECHANISM OF SELF-DECOMPOSITION

REACTION OCCURRENCE
In this paper, “self-decomposition reaction” means
“disproportionation” of ethylene series HFO refrigerants.
Disproportionation is a chemical reaction in which the
same kind of molecules undergo a redox reaction and
decompose. Air is not necessary, so the reaction occurs
and propagates within refrigeration cycle.
When energy for starting a chemical reaction such as short
circuit of the motor (hereinafter called “input energy”) is
added under high-temperature and high-pressure gas state
(incl. super critical fluid) refrigerant, self-decomposition
reaction starts. This reaction is exothermic, and under
conditions of exceeding a certain level of temperature and
pressure, it propagates as a chain reaction, leading to a
rapid increase in temperature and pressure, which may
result in damage to refrigerant cycle parts. Particularly, it
has a high possibility of occurring a reaction inside the
compressor, which contains a motor, a potential part for
triggering a reaction, and rupturing in the worst-case.

4. APPROACH TO RISK ASSESMENT OF SELF-
DECOMPOSITION REACTION

Risk assessment of self-decomposition reactions is

conducted by following procedures.

1) Extract high-temperature and high-pressure scenarios
In refrigeration and air conditioning apparatuses, extract
scenarios that reach high temperature and/or high
pressure in the refrigeration cycle (particularly in the
compressor) including abnormal states (abnormal
conditions occurs and protection mechanisms fail)

2) Reachable condition test of scenarios
Regarding the high-temperature and/or high-pressure
scenarios extracted in 1), examine the reachable
temperature and pressure through practical apparatus
testing.

3) Judgement of dangerous scenarios
Using examined reachable temperature and pressure
conditions of 2) and self-decomposition limit lines
(described afterward), judge whether this condition
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reaches the self-decomposition reaction propagation
limit. If yes, the scenario is determined as a dangerous
scenario.
4) Estimation of dangerous scenario occurrence rate

If the scenario is classified as a dangerous scenario in 3),
conduct FTA analysis and estimate occurrence rate. In
the result of FTA, if the occurrence rate is over the
acceptable occurring rate, take measures to decrease
occurring rate and reconduct the FTA.

5. APPROACH TO

LIMIT
The borderline of self-decomposition propagation by
chain reaction is determined by the combination of
temperature and pressure, as shown in Fig.l1(a)
(hereinafter called the “self-decomposition limit line”. In
addition, the area of higher temperature and pressure
above the self-decomposition limit line is referred to as
the “self-decomposition reaction area”).
Self-decomposition limit line is not always constant, but
it shifts by some parameters such as magnitude of input
energy (Fig.1(b)) and R1132(E) composition ratio in the
refrigerant mixture (Fig.1(c)).
Input energy varies depending on the power supply
specifications of the compressor, protection specifications
and the location of short circuit in the conducting part,
such as the winding wire of the compressor motor. In
addition, voltage phase at the timing of a short circuit
affects different discharging time, therefore input energy
is significantly affected by coincidental factors.
The circulating composition of refrigerant mixture is
affected by configuration of the refrigeration circuit and
scenarios involving high-temperature and high-pressure.
Therefore, accurately determining self-decomposition
limit line for each combination of two parameters, input
energy and circulating composition, requires considerable
effort. As a first measure, we set the maximum input
energy and then, using this, estimated self-decomposition
limit line of every composition ratio of R1132(E) - the
self-decomposition reaction component, and then,
determined the provisional usable limit composition line
mentioned in Chapter 7.

SELF-DECOMPOSITION

6. ESTIMATION OF MAXIMUM INPUT ENERGY
Based on the process described in the previous chapter,

we estimated the maximum input energy to trigger self-
decomposition reaction. Regarding the relation between
input energy and self-decomposition limit line, NEDO’s
project study clarified that if the input energy is the same,
the self-decomposition limit line of discharging is at a
lower temperature and pressure than that of thin wire
melting. Therefore, we studied the energy generated by
discharging.

As an experimental verification, we started with tests of
discharge energy during short circuit, using inverters for
2.2 kW domestic air conditioners (1-phase 100 V).
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The circuit and protection specifications of the inverter
differ among air conditioner manufacturers. Therefore, we
tested using each WG member company’s inverter. There
are two patterns of discharging when short circuit occurs
at the motor, phase-to-phase and earth fault, we tested
both. Fig.2 shows the test method and Table 1 shows the
results of discharge test.

According to the test results, the maximum input energy
of earth fault is larger than that of phase-to-phase short
circuit and the energy was less than 200 mJ. Inverters for
2.2 kW domestic air conditioners have relatively lower
output power among refrigeration and air conditioning
apparatuses, to accommodate various inverters, we
provisionally set 10 J, a 50 times margin to the test result,
as the maximum input energy for inverters. Hereafter, we
will examine other types of power sources to drive
compressors, such as 200 V inverters, 3-phase inverters
and non-inverter types for constant speed, which are
directly connected to power source.

7. SELF-DECOMPOSITION OCCURRING

SCENARIOS AND REACTION LIMIT LINE
To study self-decomposition reaction scenarios, we
extracted scenarios that could potentially reach high
temperature and/or high pressure in the refrigeration and
air conditioning apparatuses. As a rough definition, high
temperature is over 150°C and high pressure is over
6 MPa when using R32 or R410A refrigerants.
These temperatures and pressures occur when abnormal
conditions occur within the apparatuses and one or more
protective functions fail simultaneously. In the WG,
scenarios No.l to 65 were proposed. Among them, 19
scenarios that are considered likely to reach higher
temperature and/or pressure, were selected for actual tests
to research reachable conditions.
In addition, examination and estimation of self-
decomposition limit line with the R1132(E) composition
ratio as a parameter, was conducted by the refrigerant
manufacturer, setting the provisional input energy as 10 J,
as mentioned above.
Fig.3 shows self-decomposition limit line of each
R1132(E) composition at 10 J input energy and the
reachable conditions of scenarios.
Regarding the self-decomposition limit line, solid lines
indicate measured data and dashed lines are estimations.
Reachable conditions of scenarios were tested using
R410A, R32 and R454C, the plotted temperature and
pressure points are the measured maximum values.
Although operating pressures of R410A and R32 are
higher than target refrigerants, considering the shift to
higher operating pressure due to composition shift of
mixed refrigerants while circulating in the refrigeration
circuit, it would be the evaluation on the safety side
against self-decomposition by judging by higher pressure,
therefore, we did not apply pressure conversion among
refrigerants. Besides, the numbers in the plot represent the
scenario numbers in the WG.
Analyzing the tendency of scenarios’ reachable conditions,
scenarios in those with significantly increasing
temperature, pressure did not increase much. Conversely,
scenarios in those with significantly increasing pressure,
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temperature did not increase much.

Temperature increasing scenarios are mainly high
pressure-ratio conditions and vacuum operations. Pressure
increasing scenarios are mainly the case that gas pipe
valve in the air conditioners outdoor units (3-way valve)
is closed while operation blocking refrigeration circuit at
high pressure side, and the case that condensing function
is inhibited such as fan of condensing heat exchanger is
stopped.

Self-decomposition  limit lines exhibit different
temperature and pressure depending on the composition
ratio of R1132(E). Noting the circulating composition
mentioned in Chapter 9, the R1132(E) composition ratio
is considered to shift during operation. Therefore, we set
the usable limit for the composition so that all reachable
temperature and pressure conditions of the scenarios are
not included in the self-decomposition reaction area.

In the case of two-component mixtures (Fig.3(a)), such as
R474A and R474B, we set the provisional usable limit of
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R1132(E) composition ratio at 45 wt%. Regarding the
three-component mixture (Fig.3(b)) of R479A, we set the
provisional usable limit at 55 wt%. Currently, self-
decomposition limit lines, which are set as usable limit,
are estimated using extrapolation, but still cannot
guarantee enough accuracy. We determined the usable
limit line based on the R1132(E) composition ratio in
increments of 5 wt%.

In the test results of reachable conditions, scenario No.9 is
the closest to the usable limit line, assuming a case where
a domestic air conditioner is left in pump-down operation
and temperature protection does not work.

In this scenario, the compressor initially operated a
vacuum operation, then idled away (unable to compress),
causing heat generated in the motor to accumulate around
it, resulting in an increase in temperature. The wire
temperature reached was 262°C, and the pressure reached
was 2.62 MPa.G, the saturating pressure of ambient
temperature (43°C)

8. FTA OF SCENARIO No.9

This WG conducted FTA to scenario No.9, the scenario
closest to the usable limit line. Fig.4 shows the fault tree.
Main elements are the rate of pump-down operation, rate
of leaving on pump-down, rate of protection devices
failure, and rate of high ambient temperature. In the rate
of protection failure, there are the rate of thermal detection
failure and rate of other protection failures. Other
protections include, for example, pump-down operation
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mode in the apparatus that stops operation after a time
passed, but this time, apparatus does not have any other
protection — probability of occurrence is 1.0. We do not
show individual probabilities because they need detailed
inspection, however, total probability of occurrence is
estimated to be close to 1 x 107'° — the target probability.

9. CIRCULATING COMPOSITION RATIO SHIFT

ESTIMATION
The target refrigerants of this paper - R474A, R474B and
R479A, are zeotropic refrigerants composed of different
boiling temperature refrigerants making it important to
note the circulating composition ratio shift. Therefore,
regarding the circulating composition when operating
refrigeration and air conditioning apparatuses, we
estimated maximum composition ratio of ethylene series
HFOs which are considered most likely to undergo self-
decomposition reaction, using a simplified method.
Regarding the portions where composition shift occurs, it
is considered that in the portion where liquid refrigerant
accumulates and does not circulate, the composition
between gas phase and liquid phase refrigerant will shift,
Thus, we focused on the accumulator, where liquid
refrigerant accumulates, and the gas phase is connected to
refrigerant cycle directly.
In detail, assuming a simple refrigerant cycle consists of a
compressor, a condenser, an expansion valve, an
evaporator and an accumulator. Liquid refrigerant exists
in the accumulator and heat exchangers, however, liquid
refrigerant in the heat exchanger is flowing, not
accumulating, so a composition shift is unlikely to occur.
Therefore, we considered a refrigeration cycle consisting
of the accumulator and the other portion, shown in Fig.5.
We calculated the ratio between the maximum refrigerant
quantity that can be accumulated in the accumulator and
charged refrigerant quantity (hereinafter called
“accumulable refrigerant proportion”), and regard (1 —
(accumulable refrigerant proportion)) as the quality
(dryness) of the refrigerant, thus estimating the circulating
composition with the maximum ratio of the lower boiling
temperature component.
In this way, we calculated the accumulable refrigerant
proportion as the specifications that can avoid self-
decomposition. The target threshold of the R1132(E)
proportions are within 45 wt% for two-component series
(R474A, R474B), and within 55 wt% for three-
components series (R479A).

Circulating ref.

Saturated gas
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_ Quantity of
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Fig.5 Circulating Composition Ratio Shift



In addition, if considering liquid refrigerant flowing out
of the accumulator from oil return hole, composition
shift will likely be smaller, however, to avoid
underestimation of maximum composition shift, we
ignored it.

10. SPECIFICATIONS OF APPARATUSES THAT
CAN AVOID SELF-DECOMPOSITION
Based on the results mentioned above, we assessed the
range of accumulable refrigerant proportion that can avoid

self-decomposition reaction in inverter driven apparatuses.

Table 2 shows the results.

Table 2 Self-Decomposition Avoidable Specifications

refrig:rc;lrllrtn;izz)ertion RA74A R474B  RATOA
<20 wt% 4 4 4
20 wt% - 40 wt% v v v
40 wt% - 60 wt% 4 - v
60 wt% - 80 wt% v — v

= 80 wt% — — v

Limit RU32(E) s o) 45 we v 55wi%
composition ratio

Initial R1132(E)
composition ratio

v : Self-decomposition reaction is avoidable
— : Not yet established that reaction is avoidable

23.0 wt% 31.5wt% 28.0 wt%

The nominal composition ratios of the target refrigerants
are as follows:

Composition ratio of R1132(E) / R1234yf/ R32

R474A :23.0 wt% / 77.0 wt% / -

R474B : 31.5 wt% / 68.5 wt% / -

R479A : 28.0 wt% / 50.5 wt% / 21.5 wt%

Accumulable refrigerant proportion (P) can be calculated
by the formula below.

P=V,p/m (1)

P : Accumulable refrigerant proportion [-]

Va: Effective internal volume of accumulator [L]
p : Density of liquid refrigerant [kg/L]

m : Charged refrigerant quantity [kg]

Where, effective internal volume of accumulator (Va) is
the volume below the height of the outlet pipe as shown
in Fig.6.

A larger accumulable refrigerant proportion results in the
greater composition shift. additionally, lower-temperature
liquid refrigerant has a higher density, which leads to a
larger accumulable refrigerant proportion.

In this WG, the lowest operating temperatures are defined
as -35°C for air conditioners and -45°C for refrigeration
apparatuses. Refrigerant densities (p) of these cases are
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Table 3 Liquid Refrigerant Density[p] in the Formula (1)

Refrigerants  Air conditioners  Refrigeration equip.
R32 1.166 1.194
R410A 1.297 1.329
R404A - 1.302
Liquid temp. -35C -45°C
Unit : kg/LL

shown in table 3.

Although this calculation should use properties of target
refrigerants by nature, however, physical properties of
these refrigerants are not published currently, so at this
time, calculation applying current refrigerants instead of
target refrigerants.

In the R474A and R474B columns in Table 2, unchecked
portions (Not yet established that reaction is avoidable),
have the potential to exceed 45 wt% of RI1132(E)
composition of provisional usable limit line, which means
cannot definitively say that self-decomposition is
avoidable without FTA for now. For this reason, we will
clarify in the study hereafter by detailed examination of
each parameter and FTA of dangerous scenarios.



11. SUMMARY AND FUTURE TASKS
In the study results of Self-decomposition reaction risk
study WG of JRAIA, we obtained the following findings:

(1) The input energy (discharge) from a short circuit is less
than 200 mJ when using domestic 2.2 kW air conditioners
with a 1-phase 100 V inverter. Considering other inverters
with different voltages or phases, we added a margin and
provisionally defined the maximum input energy as 10 J.

(2) In the case of inverter-driven apparatuses, self-
decomposition can be avoided with R1132(E)
compositions less than 45 wt% when using R474A and
R474B, or less than 55 wt% when using R479A.

(3) We established a simple calculation method to
estimate the maximum R1132(E) composition in the
circulating refrigerant based on accumulable refrigerant
proportion.

(4) In the case of inverter-driven apparatuses,
accumulable refrigerant proportions for avoiding self-
decomposition are as follows:

R474A: less than 80 wt%

R474B: less than 40 wt%

R479A: self-decomposition is avoidable under all
accumulable refrigerant proportions.

Future tasks are as follows:

(1) Clarify the maximum input energy of different inverter
apparatuses excluding 1-phase 100 V models, as well as
non-inverter constant speed types. In addition, proceed
with studying the theoretical maximum input energy.

(2) Regarding apparatuses with a large accumulable
refrigerant proportion and use R474A or R474B, and
where it has not yet been established that self-
decomposition is avoidable, we will examine usability
based on the detailed study.
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Fig.1 Self-Decomposition Limit
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Fig.2 Input Energy Measurement

Table 1 Result of Input Energy (Discharge)

Short circuit mode
Phase to Phase
Earth fault

Input energy
<10mJ
<200 mJ
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Table 2 Self-Decomposition Avoidable Specifications

Proportion of
accumulated refrigerant

R474A R474B R479A

<20 wt% v v v
20 wt% - 40 wt% v v v
40 wt% - 60 wt% v - v
60 wt% - 80 wt% v - v
= 80 wt% — — v
Limit RIS2E) 4500 45 wion 55 wt%
composition ratio
Initial R1132(E)

. . 23.0wt% 31.5 wt% 28.0 wt%
composition ratio

v : Self-decomposition reaction is avoidable
— : Not yet established that reaction is avoidable
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Fig.6 Effective Volume of Accumulators

Table 3 Liquid Refrigerant Density[ o] in the Formula (1)

Refrigerants  Air conditioners Refrigeration equip.
R32 1.166 1.194
R410A 1.297 1.329
R404A - 1.302
Liquid temp. -35C -45C
Unit : kg/L
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