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Development of an Ignition Method for the Self-decomposition of HFO Refrigerants
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ABSTRACT

Hydrofluoroolefin (HFO) refrigerants have emerged as next-generation refrigerants; however, their tendency to
undergo self-decomposition reactions raises safety concerns. For the widespread commercialization of such refrigerants,
it is essential to clarify the conditions under which they can be used safely. However, standardized evaluation methods
have not yet been established. This study aims to address this gap by focusing on ignition method—the most critical
component of the evaluation process—and developing a discharge method that enables energy quantification while
simulating discharge phenomena occurring in actual equipment that triggers self-decomposition. Furthermore, we
investigate how different ignition methods influence the propagation of self-decomposition reactions and evaluate the
relationship between the fusing wire and arc discharge method and the newly developed discharge method.
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BACKGROUND

In recent years, environmental regulations on
refrigerants in the refrigeration and air conditioning
sector have tightened due to increasing global concern
over greenhouse gas emissions. Under the Kigali
Amendment to the Montreal Protocol, a global
consensus has emerged to phase down high-global
warming potential (GWP) hydrofluorocarbons (HFCs)
and transition to environmentally friendly alternatives
such as natural refrigerants and hydrofluoroolefins
(HFOs).

Although these next-generation refrigerants exhibit
significantly lower GWP than conventional ones, they
present safety challenges, including flammability,
toxicity, and chemical instability. In particular, HFOs are
less chemically stable due to the presence of carbon—
carbon double bonds in their molecular structure.
Reports indicate that under extreme conditions, such as
high temperature and pressure, these compounds can
undergo energy-triggered self-decomposition,
potentially leading to the propagation of chain reactions
3], These safety risks hinder their widespread
commercialization.

To enable the safe use of such refrigerants, it is
essential to define the operational conditions under
which they can be used without risk. However,
standardized evaluation methods for these conditions
have not yet been established.

This study focuses on ignition methods, a critical
component in risk evaluation. We developed a
discharge-based ignition method that quantifies the
discharge energy required to initiate self-decomposition
while simulating discharge phenomena observed in

®  Tetrafluoroethylene (TFE, CF.=CF>):

CF=CF.— CF4+C

actual refrigerant compressors. Furthermore, we
examined the influence of different ignition methods on
the propagation of self-decomposition and clarified the
correlation between the fusing wire and arc discharge
method and the newly developed approach.

SELF-DECOMPOSITION REACTIONS

A self-decomposition reaction is a chemical process
in which a single compound breaks down into multiple
distinct products. This process often involves radical
chain propagation and typically results in the formation
of structurally rearranged species.

Driven by heat or energy input, the unidirectional
fragmentation of molecules frequently produces smaller
fragments, radicals, and gaseous byproducts.
Accordingly, such reactions are also known as thermal
decomposition reactions.

Self-decomposition is not uncommon. In particular,
unsaturated fluorinated refrigerants containing carbon—
carbon double bonds (C=C) or weak carbon—halogen
bonds are prone to self-decomposition under abnormal
conditions—such as elevated temperature and
pressure—when triggered by stimuli like electrical
discharge. These events can initiate chain reactions that
propagate decomposition.

Understanding the thermal behavior of such
refrigerants is essential for ensuring the safety and
reliability of air conditioning systems.

Representative self-decomposition reactions of
known compounds are presented below:

AHR = —257 kJ/mol
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®  Trifluoroethylene (HFO-1123, CF.=CHF):

CF,=CHF — 0.5 CF4+ 1.5 C+HF

AHr=-250 kJ/mol

®  Trans-1,2-difluoroethylene (R-1132(E), trans-CHF=CHF):

CHF=CHF — 2C(s) + 2HF

Given these characteristics, it is essential to develop
evaluation methods to determine the conditions under
which self-decomposition reactions of refrigerants
propagate to the surrounding environment—both for next-
generation refrigerant development and for system design.

Even R32, a saturated compound, can undergo self-
decomposition when triggered by arc discharge or metal

wire fusing, producing carbon and hydrogen fluoride (HF).

However, due to its higher thermal stability and lower
decomposition reactivity compared to unsaturated
compounds, the reaction generally does not propagate.

Therefore, in assessing chemical stability, the focus
should not be solely on whether self-decomposition
occurs upon ignition, but rather on whether the reaction
propagates under the specified test conditions.

Evaluation Method for Self-Decomposition Reactions
and Development of Ignition method

The chemical stability of refrigerants has previously
been evaluated using stainless steel or Inconel pressure
vessels equipped with internal ignition sources, as
reported in previous studies U4, In this study, we
evaluated the threshold conditions beyond which self-
decomposition reactions begin to propagate, using the test
apparatus shown in Fig. 1.
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Fig. 1 Schematic of experimental apparatus.

Among various evaluation methods, ignition
methods are the most critical. In particular, it is necessary
to develop ignition techniques that simulate /ayer-short
phenomena, which are considered the actual triggers of
self-decomposition reactions in operating equipment.
Ignition methods can be broadly categorized into fusing
wire and discharge types.

The thin metal wire fusing method is widely used due
to its simplicity; however, it fundamentally differs from
arc discharge phenomena—which involve high-
temperature plasma and are more representative of real-
world triggers. Therefore, there is a growing demand for

AHR = —248 kJ/mol

discharge-based ignition methods.

Standardized refrigerant flammability evaluation
methods, such as ASTM E681, and the study by Goto et
al. (2024), generate arc discharges through electrical
breakdown by applying extremely high voltages between
electrodes. However, according to Paschen’s Law,
initiating such discharges under the high-pressure
conditions found in actual refrigerant compressors
remains a significant challenge (4],

Compared to breakdown-based discharges, fusing
methods are more stable under high-pressure atmospheres.
Previous studies have proposed ignition methods capable
of generating arcs under high pressure by applying AC or
DC voltages to electrode structures with physical contact
points, enabling arc formation via microscale gap
separation M3 However, these methods require
extensive trial-and-error and present difficulties in
quantifying energy, particularly for AC discharges.
Therefore, developing ignition methods that combine
simplicity with realistic simulation of discharge
phenomena in actual equipment has become an urgent
priority. Additionally, ignition techniques capable of
supporting multiple discharges are desirable to improve
experimental efficiency.

The AC discharge method using tungsten electrodes
poses challenges in energy quantification, while the DC
discharge method with copper electrodes demands
considerable operator experience and still faces issues
with multiple consecutive ignitions.

To address these challenges, we developed a DC
discharge method based on a contact—separation electrode
structure, as shown in Fig. 2, featuring a novel electrode
material design. The electrodes combine a high-melting-
point tungsten bolt, which ensures thermal stability, with
a low-melting-point copper bolt, which facilitates the
generation of metal vapor necessary for plasma formation.
This design enables both reliable discharge initiation and
resistance to electrode sticking.

=

‘W made bolt

‘When voltage is applied, metal evaporates
to generate plasma between the electrodes.

Cu made bolt

Arc is generated
between electrode gap.

Fig.2 Mechanism of contact-separation electrodes.

The discharge characteristics of the DC discharge



method in air are shown in Fig. 3. While arc voltage is
known to depend on parameters such as the first ionization
energy of the electrode material, electrode gap, and
pressure, the use of a contact—separation electrode
structure implies that arc formation primarily depends on
the electrode material, as the gap at the moment of
separation is extremely small.

Both tungsten and copper have first ionization
energies of approximately 7.8 eV. The measured arc
voltage (after subtracting wiring resistance) remained
stable at around 15 V, as experimentally confirmed. Since
the resistance between electrodes is negligible during
contact, applying voltage causes a short circuit, resulting
in current reaching the limiter value of the power supply.
By adjusting the current limiter, the energy density can be
controlled.

Discharge energy measurements under a 3 MPa R32
atmosphere, with current limiter values set to 150 A and
378 A, are shown in Fig. 4 and Fig. 5. These results
demonstrate that even under high-pressure gas conditions,
discharge energy can be quantitatively evaluated as a
function of voltage application duration across different
energy density settings.
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Fig. 4 Discharge energy quantification at 3.0 MPa R32
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Fig. 5 Discharge energy quantification at 3.0 MPa R32
(378 A limiter).

BOUNDARY CONDITIONS OF HFO-1123-BASED
TERNARY REFRIGERANT MIXTURES

Using the DC discharge method described above, we
evaluated both the minimum energy threshold required for
the propagation of self-decomposition reactions and the
maximum allowable HFO-1123 mixing ratio in ternary
refrigerant mixtures composed of HFO-1123, R32, and
R1234yf (mass ratio: x/21.5/78.5—x). The tests were
conducted under assumed typical operating conditions for
air conditioning systems: 130 °C and 4.0 MPa. The results
are presented in Fig. 6.
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Fig. 6 Experimental results varying HFO-1123

concentration and discharge energy.

The results indicate that even at HFO-1123
concentrations up to 50 mass%, the minimum energy
required to propagate self-decomposition remained above
30 J. However, at 60 mass%, the energy threshold dropped
below 20J, suggesting an increased risk of reaction
propagation at higher HFO-1123 concentrations in the
ternary mixture.

COMPARISON OF IGNITION METHODS

As part of the ongoing NEDO project (P23001), a
hybrid ignition method combining the simplicity of wire
fusing with the high reproducibility of arc discharges has
been proposed. This method simulates layer-short
phenomena, which are believed to trigger self-
decomposition reactions in actual equipment.



Within the scope of this project, we investigated the
influence of various ignition methods on the boundary
pressure for the propagation of self-decomposition
reactions. 1,1-Difluoroethylene (R1132a, also known as
VDF) was selected as a reference substance, and four
ignition methods were evaluated:

e AC discharge (contact—separation electrodes)

e DC discharge (contact—separation electrodes)

e Ni fusing wire and discharge

¢ Cu fusing wire and discharge

Tests were conducted at 150°C (100 °C for AC

discharge), with discharge energies in the range of 20-30 J.

The resulting boundary pressures for self-decomposition
propagation are shown in Figs.7-10. According to
Lisochkin and Poznyak (2006), the boundary pressure for
R1132a self-decomposition propagation at 100 °C is
approximately 3.0 MPa [,
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Fig. 7 Experimental results using the Ni fusing wire and
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Fig. 8 Experimental results using the Cu fusing wire and

discharge method.
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Fig. 10 Experimental results using the AC discharge
method (at 100 °C).

The results of the fusing wire and arc discharge
method tests revealed boundary pressures of 1.28 MPa
and 1.25MPa for Ni and Cu wires, respectively,
indicating that the wire material had minimal influence. In
contrast, the AC and DC discharge methods using
contact—separation electrodes exhibited significantly
higher boundary pressures, ranging from 2.5 to 3.0 MPa.
These findings suggest that electrode structure plays a
dominant role in determining the boundary pressure,
likely due to differences in thermal energy transfer.

In the fusing wire and arc discharge method, the
electrode gap is approximately 1 mm, enabling efficient
energy transfer from the arc to the surrounding gas.
Conversely, in the contact—separation structure, arcs are
formed in narrow gaps created after contact separation,
but the bolt-shaped electrode tips result in thermal losses
through heat conduction, thereby limiting energy transfer
to the gas. Consequently, self-decomposition reactions are
considered to propagate only when the transferred energy
exceeds a threshold value—similar to the minimum
ignition energy required for combustion. Otherwise, only
localized initiation occurs without propagation.

Since layer-short phenomena—the presumed trigger
for self-decomposition—typically occur between



windings or at terminal connections inside refrigerant
compressors, heat loss at these locations cannot be
neglected. Therefore, to enable realistic and non-
conservative evaluation of refrigerant stability, electrode
design must account for thermal losses at sites where
layer-short events are likely to occur.

CONCLUSION

In this study, we developed a DC discharge ignition
method incorporating a novel electrode material design
that fulfills the following criteria:

e high reproducibility of layer-short phenomena

(considered actual decomposition triggers),

e capability for quantitative measurement of

ignition energy, and

e potential for multiple consecutive ignitions to

improve test throughput.

To validate this evaluation approach, we examined
the influence of different ignition methods on self-
decomposition propagation. The results demonstrated that
electrode structure significantly affects the boundary
pressure, highlighting the importance of thermal loss
associated with structural variation.

These findings emphasize the necessity of
considering the thermal environment at locations prone to
layer-short events when designing electrode structures for
evaluating the chemical stability of refrigerants.
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Hydrofluoroolefin (HFO) refrigerants have emerged as next-generation refrigerants; however, their
tendency to undergo self-decomposition reactions raises safety concerns. For the widespread commercialization of such
refrigerants, it is essential to clarify the conditions under which they can be used safely. However, standardized evaluation
methods have not yet been established. This study aims to address this gap by focusing on ignition method—the most
critical component of the evaluation process—and developing a discharge method that enables energy quantification
while simulating discharge phenomena occurring in actual equipment that triggers self-decomposition. Furthermore, we
investigate how different ignition methods influence the propagation of self-decomposition reactions and evaluate the

relationship between the fusing wire and arc discharge method and the newly developed discharge method.
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®  Tetrafluoroethylene (TFE, CF.=CF>):

CF=CF. — CF4+C

AHR =—257 kJ/mol

®  Trifluoroethylene (HFO-1123, CF-=CHF):

CF,=CHF — 0.5 CF4+ 1.5 C+HF

AHg =-250 kJ/mol

®  Trans-1,2-difluoroethylene (R-1132(E), trans-CHF=CHF):

CHF=CHF — 2C(s) + 2HF
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Fig. 1 Schematic of experimental apparatus.
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Fig. 7 Experimental results using the Ni fusing wire and

discharge method.
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Fig. 8 Experimental results using the Cu fusing wire and

discharge method.

X Propagated
35 4 ONot propagated O X
Propagation
3 X boundary
5 | O X 2.74 MPa
& [--om--qm--a--- R - - - - - - -
E‘ 25 (o) O@ X
00
" o) (o]0
15 O )
o (@) @GD
. 00 d

0.0 5.0 10.0 15.0 20.0 250 300 35.0 40.0
Discharg energy [J]

Fig. 9 Experimental results using the DC discharge

method.
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Fig. 10 Experimental results using the AC discharge
method (at 100 °C).

VEIBTHCEETE OFE R DN D B BAIFR O E & Ni &
Cu CHHl LLFER., B O oM MERE 28
RIENTZNZ4H 1.28 £ 1.25 MPa TH Y, Ni
L Cu TIIMEDREII/ NI W Lo T,
P iR A EH L= AC - DC ikBiE TR
B L7k, B ORISR 9 2 BT 1
2.5 725 3.0 MPa OEICH 5B Z &N yinoi-, bk
REOFERING | VWS & i i AR OB
RIENBRE S ERD  JRIRITEBMESEICH D Z
&Gy o TEWNEFCEEIE I LB FEREA 1 m
mThO, 7T—7ERICL > TRASNIZZ XL
X=X +DEHOT A5 DH N TED, &
UKL T, #2 R AR CI3esmi s AL b
TTETHRY ., BB THED TS WIS
T2 2R LTS, oG LY r 2T
—HO TR —=NEFDO T AN Imb b RN
EBRRZZ2D 2 EmEZEZBND, TR sb-o
T RV =3 B RIS MRl 5 DIZ 4
B /M R VX — % B2 D & M ek
L. ZR&Te S RWIGE I OS2 & 5 23,
FOSOERERIH SN Z EREX b, AL
DREFOGHEE DREFR THL LA T — 3
— NI EEEAER N O & & BH U % — T
INTERE 5720, FFICEAOREBIIEE cX
W, DT, RO R e i EVE A s 2R
i L72nZiE, ERTEE 2854 HE T 2 EM
G AT LAY —a— PABAEL

JRATIA INTERNATIONAL SYMPOSIUM 2025
Copyright © JRAIA

DD @ATOARBIC L DB 2 DA ERET D
WL D T L Doy Ino T,

6. iR

ARHFZE TIIR DO FHI R A ZEMIZ L D B
ORGSO Tk 2 B 5 o ols, A
KThod LA ¥—a— FMIZORINE, &FkT
RN F—OERAL & AENZ BT 5 720 o
Ji R % IR Lt 7 BV A BB T 2 BAFE L7z, R
FAEDOZ LBV HONT, RARDEKIEDOREIS
WA L, SEEE N R R D LEREN N RE
SERDZENTD T, T ORI EMmAEE D
FE TR X AR n AR E A RB L TRBY | &
BTLAv—ra— FPEZEFTOMESE
G 2T OBRICER T OMLENH L &
Moo Te,
BE 3R

1) Lisochkin, Y. A., & Poznyak, V. 1. (2006).

Explosive-hazard  estimates for several

fluorine-containing monomers and their
mixtures, based on the minimum ignition

pressure with a fixed igniter energy.
Combustion, Explosion and Shock Waves, 42,
140-143.

2) Otsuka, T., Ueno, K. Okamoto, H.,

Ippommatsu, M., & Dobashi, R. (2018b).
Analysis of disproportionation process of
trifluoroethylene using high power spark
ignitions over 5 J. Journal of Loss Prevention in
the Process Industries, 51, 36-41.

3) Zhang, Z., Miyoshi, A., Ito, M., Dang, C., Chen,
Y., & Hihara, E. (2023c). Suppression of the
HFO-1123 disproportionation reaction by
adding R290. International Journal of
Refrigeration, 149, 299-307.

4) Goto, T., Usui, T., & Yoshimura, T. (2024).
Study of decomposition of R-1132 (E) as ultra-
low GWP refrigerants. International Journal of
Refrigeration, 163, 71-77.

5) ASTM International (2015). Standard Test
Method for Concentration Limits of
Flammability of Chemicals (Vapors and Gases)
(ASTM E681-09 (2015)).

HEE

This paper is based on results obtained from the
project JPNP23001, funded by the New Energy and
Industrial Technology Development Organization
(NEDO), Japan.



JRAIA INTERNATIONAL SYMPOSIUM 2025
Copyright © JRAIA



