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Abstract

The Montreal Protocol has been ratified to progress phase-out of CFCs and HCFCs globally. HFCs have come
into wide use as alternatives to CFCs and HCFCs, but as we know today, it was found that HFCs have a huge
negative influence on global warming, and the Kigali Amendment to the Montreal Protocol entered into force to
promote phase-down of HFCs. Since the enforcement of the Fluorocarbons Recovery and Destruction Law (F-gas
law) in 2002, Japan has been undertaking fluorocarbons collection and destruction by environmentally-sound
manners. However, no study has been reported investigates on how the Japanese fluorocarbons destruction
infrastructure has been developed over the past several years. To analyze the development, we studied key drivers
that contributed to encourage fluorocarbons collection from end of life electric appliances and to promote
fluorocarbons destruction by environmentally and commercially sustainable technologies. We showed that
recycling laws and the F-gas law have made progress in encourage fluorocarbons collection and destruction by
making relevant stakeholders take physical and financial responsibilities for proper fluorocarbons disposal. This
study also researched fluorocarbons destruction technologies that destruction operators used as of 2004 and 2019,
and found that three specific destruction technologies have long been used practically in Japan. Finally, we
discussed influencing factors that have made these technologies accepted, installed and practically used by
fluorocarbons destruction operators. In conclusion, we identified that existence of political frameworks as well as
application of fluorocarbons destruction technologies that are commercially sustainable and socially acceptable
were key drivers behind the development of fluorocarbons destruction infrastructure in Japan.
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1. Introduction

Inappropriate waste management has negative environmental consequences such as air pollution, water quality
deterioration and soil contamination in our living environment, which may cause serious damage to human health
and well-being. For instance, some studies investigated an association between exposures to landfill pollution and
negative health effects of residence living near landfill sites (Mattiello et al., 2013; Rushton, 2003). Dioxins
emission from incineration plant without proper gas treatment system has become an issue of major social concern
in the past (Yoneda et al., 2002). Application of political frameworks and set up technical requirements and
environment standards are important approaches to control health and environmental risks caused by waste
management activities. Relatively strict special regulations are required for the management of hazardous waste
and toxic substance due to their serious risks and negative impacts on surrounding environment. Similarly, for the
management of fluorocarbons, the Montreal Protocol has established rules and criteria for appropriate
fluorocarbons delivery and storage, and set a high destruction and removal efficiency (DRE) required for
fluorocarbons destruction (UNEP, 2018).

Chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), and hydrofluorocarbons (HFCs), commonly
known as fluorocarbons, are compounds with specific properties such as non-flammability, thermal and chemical
stability and dielectric property, and they are mainly used as refrigerants in cooling units of air-conditioning and
refrigeration equipment (Yazici et al., 2014). CFCs and HCFCs phase-out and HFCs phase-down has been
implemented or is being implemented under the Montreal Protocol after the findings of their deleterious effects on
the ozone layer and negative contribution to the global warming (Molina and Rowland, 1974; Solomon, 1999;
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Mohanraj et al., 2009). To cope with the Kigali Amendment, the Japanese government has already taken actions
to control HFCs manufacture and import, in addition, the country is promoting the development and introduction
of low-global warming potential (GWP) / non-fluorocarbons refrigerants into new products (Skac¢anova and
Battesti, 2019).

Recovering technology has been established to address used fluorocarbons collected from end of life (EoL)
products. The process is to remove contaminants, moisture and oil from refrigerants by thermal processing, and
the technology has become more important recently especially for HCFCs procurement as production and import
of new HCFCs have been restricted after 2020 in Japan (Genta et al., 2017; Ohm et al., 2017). However, the
recovering technology is not always the best approach for fluorocarbons disposal. In generally, recovery of
fluorocarbons with high contaminants is not cost effective because of high quality standards (Note 1) required for
recovered fluorocarbons (Devotta et al., 2004).

Destruction has been the main stream for fluorocarbons disposal in Japan. Fig.1 shows the amount of destructed
and recovered fluorocarbons for the period of 2004 to 2018. Fluorocarbons are categorized by the disposal
processes and type and usage of electric appliances that contained fluorocarbons. The amount of destructed
fluorocarbons from household electric appliances had been at the same level for the period of 2004 to 2013, but it
has been decreasing since 2013. This is because the F-gas law was revised in 2013 and license system for
recovering business was introduced to encourage fluorocarbons recovery. The amount of destructed fluorocarbons
from automobile air-conditioner has remained stable and recovery has not been carried out so far. The amount of
destructed fluorocarbons from commercial/industrial electric appliances has been steadily increasing since 2004
despite fluorocarbons recovery has been implemented after 2014. Japanese government revised the F-gas law again
in 2019 to strengthen fluorocarbons collection and promote refrigerants replacement to natural refrigerants with
low-GWP, which would enhance social requirement to dispose useless fluorocarbons over the next few years.
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Figure 1. Fluorocarbons destruction and recovery in Japan

Source: Aggregate result, METI; Annual activity report, AEHA.

It has been about two decades since the F-gas law entered into force in Japan, but studies focus on the development
of fluorocarbons destruction infrastructure have not been carried out before. Because of this, the main objective of
this study was to identify key drivers that have contributed to develop the destruction infrastructure in Japan.
Firstly, we researched frameworks of recycling laws and the F-gas law in order to find out how policy instruments
work to establish proper fluorocarbons collection and destruction. Secondly, this study tried to research
fluorocarbons destruction technologies practically used by destruction operators in the past and present, and
discussed influencing factors that have made these technologies commercially available. Understanding the key
drivers may make other countries get benefits to strength their fluorocarbons management. What is more, better
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understanding of good and bad practices behind the development of the destruction infrastructure would help make
plans and strategies for fluorocarbons management in Japan over the next few years.

2. Political Framework

According to type and usage of products, different political frameworks have been applied to fluorocarbons
disposal in Japan. Home Appliance Recycling Law came into force in 2001 and the law obligates manufacturers
and importers of 4 categories of electric appliances (Air-conditioner, TV set, Electric refrigerator and freezer,
Electric washing machine and clothes dryer) to collect and recycle the household electric appliances which they
manufactured or imported (Hotta et al., 2014, 2016). The recycling law also obligates manufacturers and importers
to collect and recovery or destruct fluorocarbons used in air-conditioner, refrigerator and freezer, insulation foam
of refrigerator and freezer (Hotta et al., 2014). EoL Vehicle Recycling Law has been enforced since 2002, and this
law obligates automobile manufacturers and importers to collect shredder residue, airbag and fluorocarbons from
EoL vehicle to secure recycling or disposal (Hiratsuka et al., 2014). One of the good practices of the recycling
laws is to define financial and physical responsibilities of relevant stakeholders. In particular, consumers are
responsible for paying collection and recycling costs, and delivering EoL products to licensed/permitted collector.
Hence, fluorocarbons contained in EoL products are transferred to recovery or destruction operators through
collection and dismantling processes without being released into atmosphere (Scheutz, et al., 2010).

There is no specific recycling law targeting on air-conditioner, refrigerator and freezer used in
commercial/industrial activities, and the electric appliances are handled as wastes when disposed by users.
However, the F-gas law obligates users of commercial/industrial electric appliances to perform periodic
maintenance and leak checking and to take financial and physical responsibilities for fluorocarbons disposal (MOE,
2019a). As the focus of the F-gas law is to provide appropriate fluorocarbons management throughout whole life-
cycle, it encourages fluorocarbons manufacturers to develop low-GWP / non-fluorocarbons refrigerants and
encourages electric products manufacturers to use the environmentally friendly refrigerants in new products. The
government has revised the F-gas law in 2019 to improve fluorocarbons collection rate by imposing a fine to users
who do not fulfill user’s responsibility properly. The law also defines roles and responsibilities of recovery and
destruction operators. Operators have to get a recovery or destruction license from central government, and to get
the approval, structure of facility, recovering performance or DRE of the facility, operation and maintenance
conditions have to meet technical standards prescribed under the F-gas law.

3. Fluorocarbons Destruction Technology

The F-gas law stipulates available fluorocarbons destruction technologies for destruction operators. The UNEP
Technology and Economic Assessment Panel has approved 15 technologies for CFCs and HCFCs destruction, and
application of the technologies for HFCs and Halons destruction is partially under discussion (UNEP, 2018). In
accordance with the technology assessment, the Japanese F-gas law categorized these technologies into 7
technologies. The fluorocarbons destruction technologies and its technological characteristic are shown in Table
1 (UNEP, 2002, 2018; MOE, 2006).

Fluorocarbons destruction operators are admitted to select any technologies as long as they satisfy the DRE of
99.99%, but there are lots of discussions on the selection of the best available technology. UNEP (2018) mentioned
that a great advantage of incinerator is its ability to handle a wide variety of wastes, while they also argued that
construction of new incinerator with the intension of destroying fluorocarbons only is challenging due to high cost
of construction and maintenance. Takita and Ishihara (1998) argued risk of dioxins formation caused by
fluorocarbons combustion in incinerator. Cement kiln processing has a high fluorocarbons processing capacity,
but cement kiln has a limited tolerance for chlorine and fluorine and fluorocarbons feeding needs to be controlled
to prevent process disturbances and negative impacts on cement quality (Karstensen et al., 2014). Incinerator with
submerged combustion can address a wide range of liquid or vapor wastes, while application of the technology for
solid waste disposal is very limited (Knox, 2005; UNEP, 2002). Plasma technology shows a high DRE and has a
potential for halogens recycling by fixing them to Ca-compounds whereas the technology requires high energy
consumption (Chang, 2001; Murphy et al., 2002). Although a high decomposition rate of catalytic dehalogenation
has been achieved, periodic recovery of catalyst is required while operation due to catalyst deactivation caused by
reaction with hydrogen fluoride (Ng et al., 1998; Takita and Ishihara, 1998). Superheated steam reaction has a
high DRE, low pollutants emissions and a space-saving design of the facility, but the technology is used only for
fluorocarbons destruction. Fundamental processes are different among these technologies, but in most cases, the
destruction is achieved by making fluorocarbons converted into species such as CO,, HX or X, (X = Br, Cl, F)
and neutralizing them to be harmless and environmentally benign materials.

Generally, different waste management technologies display different technical and environmental characteristics,
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and economic situation or other specific conditions may cause different outputs on the technology performance
(Generowicz et al., 2011; Karagiannidis and Moussiopoulos, 1998). The assumption made from this perspective
was that several factors have influenced on the selection of fluorocarbons destruction technologies, and as a
consequence of this, current Japanese destruction infrastructure has been developed over past two decades. There
are vast literatures addressing influencing factors in making waste management technologies that are socially
accepted, installed and practically operated with technic and economic sustainability. Rafiee et al. (2016) argued
technical sustainability, economic advantage, social acceptance and environmental risk management as main
criteria for screening of applicable waste management technology. In addition to that, Parekh et al. (2015) and
Kim et al. (2013) focused on resource conservation efficiency in disposal technology, efficiency in waste collection
and transportation, consumer’s compliant and satisfaction. Gu et al. (2019) evaluated E-waste disposing
technology from perspective of energy consumption and environmentally friendly advantages. Fu et al. (2018)
emphasized possibilities of further technological innovation addressing new materials that might be contained in
products in the future. Rajendran et al. (2019) discussed the importance of user’s skill and capacity for sustainable
facility operation.

Table 1. Fluorocarbons destruction technologies under the F-gas law in Japan

Destruction Technology Technological Characteristic

Incineration with waste Fluorocarbons are fed into incinerator with other types of wastes and

destroyed at a temperature more than 850 °C.

Destruction in manufacturing Fluorocarbons are charged into manufacturing process (e.g., lime
process calcinations furnace, cement kiln) and destructed by the process heat at

a temperature more than 1,000 °C.

Submerged combustion Fluorocarbons are atomized into vertical incinerator at more than 1,200

°C and flue gas is injected into water in cooling vessel.

Plasma Fluorocarbons are mixed with plasma jet and rapidly heated in the

reaction chamber at about 2,500 °C.

Catalytic dehalogenation Fluorocarbons are decomposed chemically in contact with catalysts
such as CrOs, ZrO,, TiO; and Al,O3 at 400-500 °C.
Superheated steam reaction Fluorocarbons are decomposed in reaction with superheated vapor at a

temperature within a range of 850-1,000 °C.

Other technologies Other technologies are available if the government admits its

performance and capacity.

4. Analysis
4.1 Research Methodology

We utilized Japanese government’s open data and websites of destruction operators and implemented
questionnaire surveys in order to investigate fluorocarbons destruction technologies used by destruction operators
on commercial basis (MOE, 2006; MOE, 2019b). A study report compiled by the Ministry of the Environment has
researched fluorocarbons destruction technologies used by destruction operators as of 2004 (MOE, 20006).
Operators with the fluorocarbons destruction license are registered on the government database. By utilizing this
registration list, we checked websites of all registered operators and carried out questionnaire surveys to collect
information about the destruction technologies that was used as of 2019.

To support the discussion on influencing factors that made destruction technologies commercially available, we
classified destruction operators into 6 business groups by the main business activities: ( 1 )Waste management
service provider, (ii )Fluoroproducts manufacturer, (iii)Industrial gas supplier, (iv)Air-conditioning maintenance
service provider, (v )Fluorocarbons specialized service provider, (vi)Other services provider. The aim of this
categorization was to research how their main business activities influenced on destruction technologies they have
installed. Destruction operators categorized in waste management service provider offer waste transportation,
segregation, recycling and incineration services. Fluoroproducts manufacturer works mainly on development,
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manufacture and sale of fluorochemical materials and fluoropolymers. Industrial gas supplier produces and
supplies various gases for industrial activities. Destruction operators classified in air-conditioning maintenance
service provider offer inspection and maintenance services on air-conditioner used in house and commercial
building. Fluorocarbons specialized service provider means professional service provider working on
fluorocarbons removal from EoL products and fluorocarbons disposal. The classification was done by seeing
company profile, and some destruction operators were classified into (vi)Other services provider when their main
business was unclear or difficult to be classified into defined 5 business groups. This classification was carried out
for destruction operators registered on the government database as of 2019.

4.2 Research Result

Table 2 shows the number of fluorocarbons destruction operators categorized by destruction technology. In 2004,
two years after the F-gas law was enforced, there were 82 destruction operators in Japan. Despite destruction
operators were admitted to install any technologies listed on the F-gas law, this research found that many
destruction operators installed either incineration with waste, plasma, or superheated steam reaction, while only
one destruction operator introduced catalytic dehalogenation. The total number of destruction operators has
decreased by 2019. Incineration with waste and superheated steam reaction were still major fluorocarbons
destruction technologies but plasma destruction was already not being used practically. It was surprising because
plasma technology demonstrated a high DRE and processing capacity and there was the fact that plasma had been
the major destruction technology in 2004 (Ohno et al., 2007; Sekiguchi et al., 1993; UNEP, 2002). In addition,
there were 7 destruction operators using cement kiln for fluorocarbons destruction in 2004, but cement kiln has
become used less often by 2019. Submerged combustion has long been used until today and the number of
destruction operators has not been changed over the past few years.

Table 2. Number of fluorocarbons destruction operators categorized by destruction technology

Number of
Category Fluorocarbons Destruction Technology Operators
2004 2019
) ) . Rotary kiln incinerator, Gasification
Incineration with waste . 24 20
) and melting furnace
Multipurpose .
) ~ Cement kiln 7 1
system Destruction in .
. Electric furnace 1 2
manufacturing process ] o
Lime calcination furnace 0 1
. Gaseous / fume oxidation
Submerged combustion S ) 7 7
Liquid injection incineration
Radio frequency plasma 1 0
Plasma Plasma arc 8 1
Devoted )
Microwave plasma 8 0
system . . - -
Catalytic dehalogenation ~ Gas phase catalytic dehalogenation 1 0
Superheated steam
. Superheated steam reactor 25 21
reaction
Other technologies
Unknown 0 4
Total 82 58

The fluorocarbons destruction operators as of 2019 were classified into 6 business groups based on their main
business activities, and the relationship between the fluorocarbons destruction technologies and the main business
activities is shown in Fig.2. As expected, incineration with waste was the destruction technology introduced by
many waste management service providers. In detail, it was found that 13 of 19 waste management service
providers used rotary kiln incinerator, the facility suitable in destroying hazardous waste and toxic substance
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because of its wide adaptability for various types of wastes (Jiang et al., 2019). It was particularly interesting that
submerged combustion has been installed only by fluoroproducts manufacturers and no other destruction operators
used the technology. Fig. 2 also shows that superheated steam reaction has been installed by several destruction
operators regardless of differences in the main business activities. Waste management service providers that work
mainly on segregation and metal recycling installed superheated steam reactor instead of incinerator. Superheated
steam reaction was also the common technology among industrial gas suppliers, air-conditioning maintenance
service providers and fluorocarbons specialized service providers. This data imply superheated steam reaction
would be the fluorocarbons destruction technology that destruction operators even without specialized knowledge
and skills for operation can easily install and use it practically.

Waste management service

Incineration with waste ’
provider

Destruction in
manufacturing process B Fluoroproducts manufacturer

Submerged combustion [N

Plasma Industrial gas supplier

Catalytic dehalogenation ) o )
Air-conditioning maintenance

Superheated steam reaction ] service provider
Other technologies I B Fluorocarbons specialized
service provider
Unknown | 'l
Other services provider
0 10 20 30

Figure 2. Relationship between fluorocarbons destruction technologies and the main business activities of
destruction operators in 2019

5. Discussion

The recycling laws in Japan secure proper and smooth collection and environmentally-sound disposal of
fluorocarbons by implementing efficient collection and transportation of EoL household electric appliances and
automobiles and promoting recycling of the products. The F-gas law secures proper collection and disposal of
fluorocarbons used in commercial/industrial electric appliances, and the law also set technical standards and
requirements that fluorocarbons recovery and destruction operators have to follow. As waste collection is a critical
first step in managing waste, the political frameworks has made a great contribution to the development of
fluorocarbons destruction infrastructure by defining financial and physical responsibilities of relevant stakeholders
and encouraging disposers to deliver EoL products or fluorocarbons to reliable collectors (World Bank, 2018).
However, it is worth noting that even such political frameworks do not cover the collection of all fluorocarbons
generated in the country. It was reported that used household electric appliances have been exported to Asian
countries (Brebbia, 2014; Zeng, 2017). In addition, under the current political frameworks, electric appliances such
as dehumidifier and fan cooler are allowed to be shredded for metal recycling objective or disposed into landfill
site even though they contain fluorocarbons. This situation suggests that there is yet space for improvement in
fluorocarbons collection in Japan.

Regarding to the fluorocarbons destruction technology, incineration with waste, submerged combustion and
superheated steam reaction were identified as the major technologies that have long been used in Japan despite
several different types of destruction technologies are admitted as reliable technologies under the F-gas law. By
reviewing characteristics of each technology and the main business activities of destruction operators, we
discussed influencing factors that have made the three technologies accepted, installed and practically used on
commercial basis in Japanese fluorocarbons destruction infrastructure.

Firstly, we hypothesized that the three technologies have an economic advantage over other destruction
technologies. Incineration with waste has been used mostly by waste management service providers, and this
would be because destruction operators were able to save initial cost when they utilized existing waste incinerator
for fluorocarbons destruction. Submerged combustion is commonly used in industry for on-site treatment and this
study identified that only fluoroproducts manufacturers installed the technology (USEPA, 2008). Fluorocarbons
are used as precursors for fluoropolymers, therefore, it is expected that a large amount of useless fluorocarbons
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generated in fluoroproducts manufacturing sites (Ebnesajjad, 2013). Fluoroproducts manufacturers would be able
to cut fluorocarbons disposal cost when they are operating facility on their own rather than offering the disposal
to waste management contractor. Superheated steam reaction has an advantage in destruction cost. UNEP (2002)
researched cost comparison between fluorocarbons destruction technologies and it reported that destruction cost
of the superheated steam reaction was in the range of $US 1.1-1.4/kg-CFCs, this is much cheaper than the cost of
plasma and incineration with waste ($US 3-5/kg-CFCs).

Another expected influencing factor is social acceptability of the each technology. Waste incinerator has been the
major facility for hazardous waste disposal and many studies have been carried out to evaluate fluorocarbons
destruction ability of incinerators even before the enforcement of the F-gas law (Tokuhashi et al., 1990; Francis
and Michael, 1998; Urano et al., 1997). Hence, it would be natural consequence that incineration plant has become
the major fluorocarbons destruction technology. Submerged combustion was developed under government
initiative in collaboration with fluoroproducts manufacturers aimed to destruct HFCs efficiently (NEDO, 2012).
Superheated steam reaction was the technology that Japanese company has developed, which would make various
destruction operators relied on and accepted the technology. Moreover, the facility is typically simple, compact
and space-saving device specialized in decomposing fluorocarbons, which would be attractive for destruction
operators because they are able to install and use the facility without worrying excessively about space for
installation and operation skills.

When comparing the total number of fluorocarbons destruction operators between 2004 and 2019, it was found
that 24 destruction operators including 16 operators with plasma technology have discontinued fluorocarbons
destructing service. As the total amount of destructed fluorocarbons in this period was constant (see Fig.1), it can
be assumed that competition took place among destruction operators. Cement production has been decreasing
since 1996 in Japan, and this would be the reason why cement kiln has already been out of use commercially for
fluorocarbons destruction (Lamas et al., 2013; Huang et al., 2012; JCASSOC, 2019). The number of destruction
operators with plasma technology might has decreased as a result of cost competition with destruction operators
with superheated steam reaction. Besides, there is a possibility that some destruction operators failed to meet
technical standards or to fulfill responsibilities obligated under the F-gas law.

6. Conclusion

In this study, we researched recycling laws and the F-gas law in Japan and confirmed that the political frameworks
have been contributing to secure fluorocarbons collection from EoL products and promote fluorocarbons
destruction by environmentally-sound manners. The analysis on fluorocarbons destruction technology showed that
the country relies mainly on three destruction technologies: incineration with waste, submerged combustion and
superheated steam reaction. In addition, we discussed how economic advantage and social acceptance of
destruction technology influenced to make the three technologies accepted, installed and practically used in Japan.
Hence, we concluded that the existence of political frameworks as well as application of destruction technologies
that are commercially sustainable and socially acceptable were key drivers for the development of fluorocarbons
destruction infrastructure in Japan.

Understanding the key drivers would be able to share knowledge and good practices among countries with
undeveloped fluorocarbons destruction infrastructure. Development of political frameworks securing
fluorocarbons collection and transportation and defining financial responsibilities of relevant stakeholders is highly
recommended. Fluorocarbons destruction technology should obtain financial advantage and social acceptability,
otherwise the technology may become out of use after installation. Cement kiln are already in place even in
emerging countries, therefore, fluorocarbons destruction by cement kiln would be a good approach for those
countries. However, we recommend not depending heavily on cement kiln for fluorocarbons disposal due to the
fluorocarbons feeding limit of cement kiln for the prevention of process disturbances and cement quality
deterioration. Developing countries tend to depend on landfilling for waste disposal today, but they would install
incineration plant in the future through industrialization and economic progress. In this point, fluorocarbons
destruction by incineration with waste might become the major destruction technology in such countries.

In Japan, it can be expected that the demand for fluorocarbons destruction would be increasing in the short term
due to the promotion of refrigerant replacement and the improvement of fluorocarbons collection rate. However,
from a long-term perspective, the destruction demand would decrease in accordance with the expansion of
fluorocarbons recovery and HFC phase-down. Hence, effective use of existing facility would be a cost-saving
approach to deal with fluorocarbons generated in next few years rather than construction of new destruction facility.
Since submerged combustion and superheated steam reaction are designed technologies specialized to
fluorocarbons destruction, destruction operators with the technologies may struggle to collect enough
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fluorocarbons for continuous operation over the next few years. From this perspective, destruction operators
undertaking incineration with waste would have an advantage over other technologies because their main business
is to combust wastes and fluorocarbons destruction is just a one of the services.
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Note

Note 1. Refrigerants Recycling Promotion and Technology Center in Japan sets quality standards for recovered
fluorocarbons. For example, the quality standards of HCFC-22 are >99.78% purity, <20ppm moisture, <l1ppm
acidity, <100ppm vapor residue, colorless, no turbid and no stench.

36



jsd.ccsenet.org Journal of Sustainable Development Vol. 14, No. 2; 2021

Copyrights
Copyright for this article is retained by the author(s), with first publication rights granted to the journal.

This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution
license (http://creativecommons.org/licenses/by/4.0/).

37



