
9

Environmental Monitoring and Contaminants Research Vol.3, pp.9–21 (2023)
DOI: https://doi.org/10.5985/emcr.20220014

https://emcr-journal.org/
 Environmental Monitoring and Contaminants Research Vol.3, pp.9–21, 2023

Article

＊ Corresponding Author: j-koshiba@eprc.kyoto-u.ac.jp

Homologue-based Estimations of Short-Chain Chlorinated 
Paraffin Emissions and Concentrations in Japan
Junichiro KOSHIBA1)＊ , Takaaki NAGANO1), Yasuhiro HIRAI1) and Shinichi SAKAI2)

1) Environment Preservation Research Center, Kyoto University, Kyoto, 606-8501, Japan
2) Advanced Science, Technology & Management Research Institute of Kyoto, Kyoto, 600-8813, Japan

[Received October 19, 2022; Accepted February 8, 2023]

ABSTRACT

Short-chain chlorinated paraffins (SCCPs) are persistent organic pol-
lutants. In Japan, SCCPs are widely detected in the environment although 
the production and use of SCCPs have been banned. It is essential to esti-
mate the amount and sources of SCCPs to implement countermeasures 
for SCCP emission. In this study, we estimated the emission and environ-
mental concentrations of SCCP homologues in Japan from 1950 to 2050. 
Initially, the material flow of total SCCPs was estimated considering the 
material recycling process. The emission from each process during the 
entire life cycle of products containing SCCPs was estimated for each ho-
mologue. Volatilization factors of long-term-use products were specifically 
estimated from release factors and surface area, weight, and SCCP con-
centration of products containing SCCPs. The environmental concentra-
tions were then estimated using the environmental fate model. In the ma-
terial flow and emission estimation, parameter uncertainties, such as 
emission factors and SCCP application distribution, were considered, as-
suming each parameter follows a uniform distribution. The results of emission estimation suggested a decreasing trend of 
SCCP emission in recent years and continuation of this trend in the future. However, some emissions from long-term-use 
products may persist. In the future, products that have a long lifetime with closed-loop recycling, such as polyvinyl chloride 
wire-coating materials, are expected to significantly contribute to atmospheric emission. Moreover, recycled products may 
contain SCCPs. Based on the estimated concentration, the estimated water and sediment concentrations were within the 
range of the observed concentrations. Conversely, we could reduce the gap between the estimated and observed atmo-
spheric SCCP concentrations compared with those in previous studies that did not consider the volatilization factor for each 
SCCP-containing product and material recycling process. However, a difference between the estimated and observed con-
centrations suggests that some unconsidered emission sources may exist that emit SCCPs into the atmosphere, such as 
SCCPs as impurities in medium-chain chlorinated paraffins, imported products containing SCCPs, and atmospheric advec-
tion from other countries. Hence, it is essential to calculate emissions from sources other than products that intentionally 
contain SCCPs produced in the past.
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INTRODUCTION

Short-chain chlorinated paraffins (SCCPs) are a complex 
mixture of chlorinated n-alkanes with chain lengths of 10–13 
carbons. SCCPs have been listed in Annex I of the Stockholm 
Convention in 2017 owing to their toxicity, high persistence, 
long-range transport potential, and bioaccumulation potential 

(UNEP, 2017), and they are a cause of concern owing to their 
effect on the environment (Peters et al., 2000).

In Japan, SCCPs had been widely used since 1950 be-
cause of their efficacy in industrial production (Tsunemi and 
Tokai, 2007). SCCPs were largely applied as additives to 
metalworking fluids in Japan. SCCPs were also included in 
long-term-use products, such as polyvinyl chloride (PVC), 
rubber materials, and paint materials (Tsunemi, 2010), e.g., 
plasticizers and flame retardants. In 2018, the production, 
use, and import of SCCPs were banned under the Chemical 
Substances Control Law (JMETI, 2018b). Before this regula-
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tion, metalworking industries prohibited the use of SCCPs 
for metalworking fluids by self-regulation (Harada et al., 
2011).

Japan’s Ministry of Environment (JMoE) has reported 
that SCCPs are widely detected in air, water, and sediment 
samples based on their annual sampling survey (JMoE, 2021). 
It reported that atmospheric concentrations of SCCPs re-
mained high compared with those of legacy persistent organ-
ic pollutants such as polychlorinated biphenyls and polybro-
minated diphenyl ethers. This implies that there are still some 
sources of SCCP emission. Therefore, estimating the amount 
and sources of emission is essential to formulate counter-
measures for SCCP emission.

A few studies have estimated the amount of SCCP emis-
sions in Japan (Tsunemi, 2010; Glüge et al., 2016; JMoE, 
2017). Glüge et al. (2016) estimated the global production, 
use, and emission of SCCPs, including those in Japan. 
Tsunemi (2010) estimated the amount of SCCPs produced in 
Japan from 1950 to 2002 and the substance flow and emission 
of SCCPs in 2001. JMoE (2017) estimated SCCP emissions 
in Japan from 1950 to 2030. However, these studies have 
certain limitations regarding the accuracy of emission esti-
mations. Initially, the applications, emission factors, and 
volatilization factors of SCCPs showed large uncertainties 
owing to the insufficient availability of data (Tsunemi, 2010). 
Additionally, these studies could estimate only total SCCP 
emission, which is the sum of emissions of all SCCP homo-
logues. However, SCCPs have many homologues, and the 
physicochemical properties of these homologues vary con-
siderably (Gawor and Wania, 2013; Krogseth et al., 2013; 
Glüge et al., 2016; Endo, 2021). Therefore, volatilization 
factors of SCCPs from long-term-use products have been 
suggested to be a variable for each homologue. Moreover, 
Chen et al. (2019) suggested that the estimated atmospheric 
concentrations differed between total SCCP-based estimation 
and homologue-based estimation. Another limitation is the 
material recycling process of products containing SCCPs has 
not been considered in these estimations. SCCPs have been 
detected in recycled products (Brandsma et al., 2019); there-
fore, processes such as PVC recycling could contribute to 
maintaining the stock of SCCPs in use. These findings indi-
cate that the amount of SCCP emissions estimated in previous 
studies cannot comprehensively explain the recent environ-
mental concentrations.

The primary objective of this study was to estimate the 
amount of SCCP emissions in Japan from 1950 to 2050 for 
each homologue. To consider the uncertainties of model 
parameters such as distribution of SCCP applications, emis-
sion factors, and the lifetime of long-term-use products, ma-
terial flow and emissions were estimated iteratively 3,000 
times assuming that the parameters follow a uniform distri-
bution with lower and upper limits. In the material flow 
model, the material recycling process was also included. 
Moreover, the environmental SCCP concentrations were 
estimated using the environmental fate model and compared 
with the measured concentrations to validate the estimated 
emissions and discuss the existence of unknown emission 
sources.

MATERIALS AND METHODS

OVERVIEW OF THE MODELS
In this study, the material flow of SCCPs was estimated 

based on total SCCPs, and the emissions of SCCPs were then 
estimated based on each homologue. The material flow mod-
el of SCCPs comprises three phases (Fig. 1). The production 
and formulation phase includes the production of SCCP 
mixtures and the formulation of SCCPs into additive materi-
als. The use phase includes the industrial use of these mate-
rials and long-term-use products containing SCCPs. The 
waste treatment phase includes the disposal of waste contain-
ing SCCPs and the recycling of products containing SCCPs. 
The parameters of material flow and emission estimation were 
provided in Table 1.

To consider the uncertainties in the estimation of per-
sistent organic pollutant emissions, some studies conducted 
uncertainty analyses (Pulles et al., 2006; Glüge et al., 2016). 
The present study assumed the estimation of material flow 
and emissions of SCCPs from 1950 to 2050 as one trial. This 
trial was iterated 3,000 times using Fortran90, assuming that 
some parameters followed a uniform distribution with lower 
and upper limits because of the lack of information about 
parameter values and distribution shape. The source code of 
the estimation program and input data are provided in the 
supplementary information along with a detailed discussion 
on the number of iterations (S.I.3.).

MATERIAL FLOW ANALYSIS OF TOTAL SCCPs
PRODUCTION AND FORMULATION PHASE

The production and formulation phase consists of the 
production and formulation processes. During production, 
mixtures of SCCP homologues were produced. The amount 
of production and import of SCCPs from 1950 to 2016 was 
obtained from the literature (Tsunemi, 2010; JMoE, 2017) 
and has been presented in Fig. S1. After 2017, it was assumed 
that there would be no production and import of SCCPs in 
Japan. In addition, no export of SCCPs was assumed during 
the entire estimated period.

During formulation, SCCPs were formulated into additive 
materials, such as additives for metalworking fluids, plasti-
cizers for PVC, and flame retardants of rubber materials. The 

Fig. 1 Overview of the material flow model, emission pathways, and environmental fate model 

 

 Fig. 1  Overview of the material flow model, emission path-
ways, and environmental fate model
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Table 1 Parameters of material flow and emission estimation

Symbol Description Unit
Detailed  

Information
Material flow analysis

Prodt Amount of SCCPs produced in year t tons/year Fig. S1
Impt Amount of SCCPs imported in year t tons/year Fig. S1
Uset Amount of SCCPs used in year t tons/year Eq. 1
Formfc,t Amount of SCCPs formulated into formulation category fc in year t tons/year Eq. 2
IndUsepc,t Amount of SCCPs used as additives for making production pc in year t tons/year Eq. 3

Stockpc,t,pt
Stock of SCCPs in year t contained in long-term-use products pc, which 
were made in year pt

tons Eq. 4

Stockpc,t Stock of SCCPs in year t contained in long-term-use products pc tons Eq. 5
LF_Stockt Stock of SCCPs existing in landfill sites in year t tons Eq. 11
Dist_Formfc,t Distribution proportion of formulation category fc in year t — Table S8

Dist_IndUsefc,pc
Distribution proportion of industrial use for production pc from formula-
tion category fc in year t

— Table S9

Dist_Dispt,pc,dc
Distribution proportion of disposed product pc into waste treatment pro-
cess dc in year t

— Fig. S2

Dist_Sludgeapp,t
Distribution proportion of sludge utilization application (including land-
fill) app in year t

— Table S1

Disppc,t,pt
Amount of SCCPs in year t contained in disposed long-term-use products, 
pc, which were made in year pt

tons/year Eq. 6

DispTreatdc,pc,t
Amount of treated SCCPs contained in products pc by the process dc in 
year t

tons/year Eq. 9

MRpc,t Amount of SCCPs contained in products pc material recycled in year t tons/year Eq. 8

DispRatepc,t-pt
Proportion of disposed long-term-use products pc whose production age 
was t-pt

— Eq. 7

Sludgeapp,t
Amount of SCCPs contained in sludge, which was utilized for sludge appli-
cation app in year t

tons/year Eq. 13

SewageRatet Proportion of sewage coverage in year t — Fig. S3

SewageTreatt
Amount of SCCPs contained in water treated in a sewage treatment plant 
in year t

— Eq. 12

IncRateapp,t Proportion of incineration before sludge utilization app in year t — —
DegRateSludge Degradation rate of SCCPs during sludge incineration — —
DegRateLF Degradation rate of SCCPs in the landfill site 1/year —
WeibullCDF Cumulative distribution function of Weibull distribution — Eq. 8
t Year year —
pt Year when the long-term-use products were produced year —
fc Category of formulation application of SCCPs — —
pc Category of production containing SCCPs — —
dc Category of processes related to SCCPs waste treatment — —
Ypc Average lifetime of long-term-use products pc year Table S10
αpc Parameter of Weibull distribution — Table S10

Emission estimation

EmisProcess,t,pc,homo,media
Amount of emitted SCCP homologue homo from the process (process) into 
environmental media (media)

tons/year Table 2

EFProcess,media Emission factor from the process into environmental media — or 1/year Table S5
HomoDistprocess Proportion of each homologue in the process — Table S2–S4

Estimation of volatilization factor
RRpc,homo Release rate of SCCP homologue homo from long-term-use products pc g/(m2s) Eq. 14
Concpc Total SCCP concentration in long-term-use products pc g/g Table S7
CarbDistpc Proportion of each carbon length in long-term-use products pc — Table S2–S4
VPhomo Vapor pressure of SCCP homologue homo Pa Table S6

VFpc,homo
Volatilization factor of SCCP homologue homo from long-term-use prod-
ucts pc

1/year Fig. 2

Areapc Surface area of long-term-use products pc m2 Table S7
Weightpc Weight of long-term-use products pc g Table S7

SCCP: short-chain chlorinated paraffin
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amount of SCCPs formulated into each formulation category 
was estimated using the amount of used SCCPs in Japan (Eq. 
1) and formulation distribution (Eq. 2):

Uset t t= +Prod Imp ,  — (1)

Form Dist Form Usefc t fc t t, ,_ .= ×  — (2)

USE PHASE
The use phase is composed of two processes: industrial 

use and long-term-use processes. During the industrial use 
process, the formulated additive materials containing SCCPs 
were expected to be used in the final products. In the case 
of additives in metalworking fluids, SCCPs would be used 
and transferred into the waste treatment phase immediately. 
In other formulation categories, they would be used to make 
long-term-use products. The amount of SCCPs for industrial 
use in each product category was estimated using Eq. 3:

IndUse Dist IndUse Formpc t fc pc fc tfc, , ,_ .= ×( )∑  — (3)

During the long-term-use process, the stock of SCCPs 
contained in long-term-use products was increased by the 
industrial use of SCCPs and material recycling of products 
containing SCCPs, whereas it was decreased by product 
disposal. In this study, the annual SCCP stock was estimated 
for each production year (Eq. 4). The stock for each produc-
tion year was then summed, and the annual stock of SCCPs 
for every product category was calculated using Eq. 5. The 
disposal rate of long-term-use products was determined based 
on Weibull distribution (Eq. 6 and Eq. 7). To compute Weibull 
distribution, product age was required (Eq. 8):
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WASTE TREATMENT PHASE
The waste treatment phase includes processes related to 

waste disposal and recycling. In this study, the products 
containing SCCPs were treated after their lifetime using the 
following processes: preprocessing, wastewater treatment, 
incineration, landfill, material recycling, feedstock recycling, 
and energy recovery. Initially, the total amount of disposed-off 
SCCPs was distributed into each process (Eq. 9):

DispTreat Disp Dist Dispdc pc t t pc pt t pc dcpt, , , , , ,( _ ).= ×∑  — (9)

After material recycling, the amount of recycled SCCPs 
was assumed to be included in the stock of long-term-use 
products that contain them (Eq. 4 and Eq. 10). In this study, 
all product categories, except for agricultural vinyl sheets, 
were assumed to be closed-loop recycled products. Consid-
ering agricultural vinyl sheets, recycled materials were as-
sumed to be utilized for PVC flooring.

MR DispTreatpc t MR pc t, , , .+ =1  — (10)

In the landfill process, the stock of SCCPs in landfill sites 
was estimated using Eq. 11. In this study, we assumed that 
the stock of SCCPs in landfill sites would degrade at a uni-
form rate.

LF Stock LF Stock DegRate

DispTreat Sl

t t LF

LF pc tpc

_ _

, ,

+ = × −( )
+ +∑

1 1

uudge LF t, .
 — (11)

In the wastewater treatment process, it was assumed that 
the SCCPs emitted into the water would be treated and par-
tially transferred as sludge and discharge water (Eq. 12). 
After this process, the sludge containing SCCPs could be 
utilized as construction materials or in green farms or be 
dumped in landfills (Eq. 13). In addition, a part of the sludge 
was assumed to be incinerated before utilization and landfill. 
The proportion of sewage coverage was obtained from JMLIT 
(2021) (Fig. S3), and the distribution and incineration pro-
portion of sludge were fixed during the estimation period 
(Table S1).

SewageTreat SewageRate

Emis

t t

process t homo waterhomoproc

=

× ∑ , , ,eess∑ ,
 — (12)

Sludge SewageTreat Dist Sludge

IncRate Deg
app t t app t

app t

, ,

,

_= ×

× × RRate

IncRate

Sludge

app t

( ){ }
+ −( )}1 , .

 — (13)

SCCP EMISSION ESTIMATION FOR EACH HOMOLOGUE
SCCP emissions were estimated by multiplying the 

amount of SCCPs in each process, emission factors, and 
homologue profiles (Table 2). It was assumed that the pri-
mary media where SCCP emissions persist are air, surface 
water, and soil. Moreover, the utilization of wastewater sludge 
for green farms was regarded as a form of emission to the 
soil. Soil would play an important role as a secondary SCCP 
emission source into the atmosphere; however, it was not 
included in emission estimation in the present study. We 
considered SCCP emission from the soil to the atmosphere 
in the environmental fate model.

Relative homologue profiles in industrial mixtures, PVC 
materials, and rubber materials were obtained from the lit-
erature (Krogseth et al., 2013; Wang et al., 2018) and are 
listed in Tables S2–S4. However, there were no data for the 
homologue profile in paint materials; thus, it was assumed 
to be the same as that for industrial mixtures.

PARAMETER UNCERTAINTIES
EMISSION FACTORS

We assumed that emission factors, other than volatiliza-
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tion factors from long-term-use products, have a uniform 
distribution owing to the unavailability of data. These emis-
sion factors were set as the value ranges for total SCCPs by 
referring to previous studies (Glüge et al., 2016; JMoE, 2017; 
Chen et al., 2022) and the emission factors used for screening 
assessment and risk assessment for Chemical Substances 
Control Law in Japan (JMETI, 2018a) (Table S5).

In this study, volatilization factors were estimated based 
on the vapor pressure of each homologue, product shape, 
and SCCP concentration in products. It has been reported 
that the common logarithm of the SCCP release rate from 
products is proportional to the common logarithm of multi-
plying the vapor pressure of homologues and SCCP concen-
trations in products (Kuramochi et al., 2021). The relationship 
between the release rate and the vapor pressures of each 
homologue, product shape, and SCCP concentration in prod-
ucts is shown in Eq. 14. Vapor pressure of each homologue 
(Table S6) was obtained from the literature (Endo, 2021). 
The assumed SCCP concentrations in products are present-
ed in Table S7; these values were obtained from previous 
surveys of products containing SCCPs (Krogseth et al., 2013; 
Wang et al., 2018). These assumed concentration ranges 
covered the typical values of PVC flooring and rubber prod-
ucts (Chen et al., 2019), PVC products (Wang et al., 2018; 
Guida et al., 2020), and wire-coating products (UNEP, 2018). 
However, the SCCP concentration range of the PVC film did 
not cover the value reported by Chen et al. (2019).

log

log
pc,homo

homo

10

10

0 0586 0 44RR

Conc CarbDist VPpc pc

= − +
× × ×(

. .

)).
 — (14)

For estimating volatilization factors [1/year], the release 
rate [g/(m2s)] was translated based on Eq. 15 using the 
surface area and weight of products containing SCCPs. The 
surface area and weight of the long-term-use products con-
taining SCCPs were fixed values as each product category has 
a typical shape; these values were obtained from production 
catalogs (JPMA, 2021; JRMA, 2021; VEC, 2021) (Table S7).

VF
RR Area

Weight Conc
pc

pc pc carb
pc,homo

pc,homo=
× × ×

×
24 365

,

.  — (15)

APPLICATION DISTRIBUTION
The application of SCCPs is varied, however, the propor-

tion of each application remains unknown because of the lack 
of data. Tsunemi and Tokai (2007) reported that approximate-
ly half of SCCPs in Japan were used in metalworking fluids. 
Therefore, the proportion of additives for metalworking fluid 
for the formulation category was fixed at 50% during the 
entire estimation period. The proportion of other formulation 
categories was assumed to follow uniform distribution be-
tween the minimum and maximum values (Table S8).

In addition, the formulated additive materials containing 
SCCPs would be distributed into product categories during 
the industrial use process. These industrial use distributions 
were also assumed to follow a uniform distribution (Table 
S9). In this study, we assumed that SCCPs were present in 
PVC products (wire coating, agricultural sheet, flooring, film, 
and other products), rubber materials, and paint materials. 
Because SCCPs had been detected in various materials such 
as sealing materials (Koh et al., 2002), polypropylene pack-
aging (Wang et al., 2019), and polyethylene terephthalate and 
polyethylene (Wang et al., 2018), it is possible that not all 
SCCP applications in Japan could be covered in this study.

LIFETIME DISTRIBUTION OF LONG-TERM-USE PRODUCTS
Finally, the amount of disposal of long-term-use products 

was estimated based on stock and lifetime distribution. The 
average lifetime and shape parameters of the Weibull distri-
bution followed the uniform distribution of the ranges (Table 
S10).

ENVIRONMENTAL FATE MODEL
Koshiba et al. (2019) estimated environmental concen-

trations using the Mackay level IV environmental fate model 
based on MuSEM, which is the Mackay level III model de-
veloped by the National Institute for Environmental Studies, 
Japan (Mackay, 2001; NIESJ, 2020). This model contains the 

Table 2 Equations of emissions estimated

Production and Use

Production EmisProd,t,homo,media = Prodt × EFProd,media × HomoDistInd

Formulation EmisForm,t,homo,media = (ΣfcFormfc,t) × EFForm,media × HomoDistInd

Industrial Use EmisIndUse,t,homo,media = (ΣfcFormfc,t) × EFIndUse,media × HomoDistInd

Long-term Use (Volatilization) EmisLong,t,pc,homo,media = Stockpc,t × VFpc,homo × HomoDistLong,pc

Long-term Use (Other than volatilization) EmisLong,t,pc,homo,media = Stockpc,t × EFLong,pc,homo,media × HomoDistLong,pc

Waste Disposal

Preprocessing EmisPre,t,homo,media = (ΣpcDispTreatPre,pc,t) × EFPre,media × HomoDistInd

Incineration EmisInc,t,homo,media = (ΣpcDispTreatInc,pc,t) × EFInc,media × HomoDistInd

Landfill EmisLF,t,pc,homo,media = StockLFt × EFLF,media × HomoDistInd

Material Recycling EmisMR,t,homo,media = (ΣpcDispTreatMR,pc,t) × EFMR,media × HomoDistInd

Feedstock Recycling EmisFR,t,homo,media = (ΣpcDispTreatFR,pc,t) × EFFR,media × HomoDistInd

Energy Recovery EmisER,t,homo = (ΣpcDispTreatER,pc,t) × EFER,media × HomoDistInd

Wastewater Treatment EmisSWT,t,homo,media = SewageTreatt × EFSWT,media × HomoDistInd

Green Farm EmisGFM,t,homo,media = SludgeGreenFarm,t
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following compartments: air, surface water, seawater, surface 
water sediment, seawater sediment, and natural, agricultural, 
and city soils. The environmental fate model used in this 
study required data on the physicochemical properties shown 
in Table S6 (Gawor and Wania, 2013; Krogseth et al., 2013; 
Endo, 2021).

We estimated the SCCP concentration in air, water, soil, 
and sediment in Japan using the Mackay level IV model for 
3,000 emission estimation results. In addition, the environ-
mental concentrations of total SCCPs were estimated using 
the estimation results by JMoE (2017). The physicochemical 
properties of total SCCPs were assumed to be mean values 
of all homologues in Table S6 to estimate environmental total 
SCCP concentration. In all emission cases, the total amount 
of water emission was regarded as the emission to surface 
water, and the total amount of soil emission was regarded as 
emission to city soil.

RESULTS AND DISCUSSION

ENVIRONMENTAL CONCENTRATIONS
CONCENTRATION TRENDS OF TOTAL SCCPs

Fig. 2 shows the estimated concentrations and observed 
concentrations in air, water, and sediment using the environ-
mental fate model. The atmospheric SCCP concentrations 
estimated in this study showed an increasing trend after 1950 
(Fig. 2A). The atmospheric SCCP concentration reached a 
peak value of 72.0 pg/m3 in 1992, considering average emis-
sions. This SCCP concentration is projected to show decreas-
ing trends because of the overall declining trend of SCCP 
emissions. The average value of the estimated atmospheric 
concentration in this study was ~10–100 times lower than the 
average value of the observed atmospheric concentrations 
(Li et al., 2012; JMoE, 2021; Koshiba et al., 2021). The esti-
mations were updated by considering parameters such as 
volatilization factors of long-term-use products, which im-
proved the estimation of atmospheric concentrations in this 
study from that reported by JMoE (2017). However, the 
improvements in this study could not explain the gap between 
the previously estimated concentrations and the observed 
concentrations. Moreover, the maximum atmospheric SCCP 
concentration obtained in this study was lower than the 
minimum observed concentrations. This implies that there 
may be additional unconsidered emission sources in recent 
years.

The estimated concentrations in the surface water and 
seawater differed by 10–100 times (Figs. 2B and 2C). This 
can be ascribed to the assumption that the total SCCP emis-
sion to water was to surface water; however, it is possible 
that SCCPs were emitted into seawater as they were being 
used in paint materials exposed to seawater (Fiedler, 2010). 
The trends of SCCP concentration in water were similar to 
those in the atmosphere. The general trend was an increase 
in SCCP concentration after the start of production and use 
of SCCPs, followed by a decreasing trend in recent years, 
which will continue in the future. The trends and peaks of 
water concentrations were also similar to those observed in 
sediments. Our estimated surface water concentrations of 
SCCPs were similar to the range of observed river water 
concentrations (Iino et al., 2005). Seawater sediment concen-

trations in this study showed levels similar to those in the 
core sediments in Tokyo Bay (Zeng et al., 2017). Moreover, 
the surface water sediment concentrations estimated in the 
current study could explain the observed river water sedi-
ment value obtained by Iino et al. (2005). These results indi-
cate that the emission factor assumed herein reflects the 
actual values more effectively than those of a previous study 
by JMoE (2017). The estimated water and sediment concen-
trations of SCCPs from emissions estimated by JMoE (2017) 
showed greater decreasing trends than the concentrations 
estimated in this study. This is because JMoE (2017) assumed 
no water emission from wire-coating materials during long-
term use. In the recent monitoring surveys conducted by the 
JMoE, SCCPs were not detected in water and sediment 
samples in more than half of the sampling sites (47–48 sites 
for water and 61–62 sites for sediment; JMoE, 2021). There-
fore, it is difficult to compare the estimated and observed 
concentrations in recent years and to analyze the factors of 
emission to water from long-term-use products.

HOMOLOGUE PATTERN
The homologue pattern of estimated atmospheric SCCPs 

was similar to the observed pattern (Fig. 3A). The observa-
tions indicate that the patterns tend to have a larger propor-
tion of homologues with shorter carbon chain lengths and 
lower chlorine numbers. However, in the study of Li et al. 
(2012), the Cl 6 homologues were the highest in the same 
carbon length homologues, and we could not reproduce this 
pattern in this study. The observed homologue pattern may 
be affected by the air temperature. In the present study, the 
volatilization factor of each homologue was estimated on the 
basis of the release experiment under a constant temperature. 
Therefore, the estimation model in the present study could 
not reflect the effect of air temperature; thus, there was a 
gap between the estimated homologue pattern and the ob-
served pattern. In addition, it is possible that an individual 
emission source affected the atmospheric SCCP homologue 
pattern. The Cl 4 homologues also had high concentrations 
(Koshiba et al., 2021). However, in this study, we could not 
determine the emission and environmental concentrations of 
Cl 4 homologues because of the lack of data regarding the 
proportion of Cl 4 homologues in products containing SCCPs. 
Therefore, the lack of Cl 4 homologues in this estimation 
would be one of the factors causing the difference between 
the estimated and observed atmospheric total SCCP concen-
trations.

Considering the concentration of SCCPs in surface water 
(Fig. 3B) and surface water sediments (Fig. 3C), the estimat-
ed concentrations showed similar levels compared with the 
observed river water and river water sediment concentrations 
for almost all homologues (Iino et al., 2005). These results 
suggest that the estimation of SCCP emission to the surface 
water can reproduce actual situations during this period.

In the case of seawater sediments (Fig. 3D), we overes-
timated the proportion of higher chlorinated homologues and 
underestimated the proportion of lower chlorinated homo-
logues compared with the observed patterns (Zeng et al., 
2017). SCCP emission sources in our model did not include 
potential sources affecting seawater sediment in Tokyo Bay. 
Moreover, the physicochemical properties of each SCCP 
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Fig. 2 Concentration trends in (A) air, (B) water, and (C) sediments
The line graph shows the average value of estimated concentrations in each year, and the area graph 
shows the region between the maximum and minimum estimated concentrations in each year. The aver-
age concentrations of short-chain chlorinated paraffins in water and sediment were calculated assuming 
that if short-chain chlorinated paraffin concentration was not detected at the site (based on JMoE (2021)), 
then the value was half of the value of the detection limit.
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homologue, such as half-life and partition coefficient between 
water and sediment, could affect the estimation results of 
SCCP concentrations in sea water sediment.

EMISSION ESTIMATION
Fig. 4 shows the estimation results of total SCCP (sum 

of all homologues) emissions in the air, water, and soil. The 
atmospheric emission presented an increasing trend after 
1950; from 1950 to 1990, the amount of SCCPs produced and 
used in Japan increased. The peak emission was estimated 
to be in 1992 (considering average emission), and the range 
of peak atmospheric total SCCP emission was estimated to 
be 5.0–54.9 tons/year (average emission was ~ 18.3 tons/
year). Future estimations show decreasing trends until 2050. 
It was estimated that the average air emission was < 10 tons/
year in recent years. However, the results suggest that there 
would still be atmospheric SCCP emissions in 2050 from the 
stock of long-term-use products containing SCCPs. Fig. 5 
shows the contribution of each long-term-use product during 
volatilization. The trends of the primary emission contribu-
tors of air emission were assumed to change annually. In 
1950, PVC films were a large contributor because of their 
thin and lightweight properties, which resulted in large vol-
atilization factors. However, because PVC films have a short 
lifetime, paint materials were considered to be the largest 
contributor to emissions from 1980 to 2030. In the future, 
PVC wire-coating material might be a large contributor to 
emissions as it is a closed material recycling product with a 
long lifetime.

The emissions into water presented an increasing trend 

after 1950. The peak emission ranged from 4.0 to 198.9 tons/
year, and the average peak emission was 46.7 tons/year. The 
peak emission from soil ranged from 0.2 to 6.1 tons/year, 
with an average of 1.7 tons/year. Water and soil emissions 
showed more rapid decreasing trends than atmospheric 
emissions. This may be because of the difference in the main 
emission pathways in each media. Industrial use process had 
a large contribution to water and soil emissions—unlike at-
mospheric emission—before the ban on the production and 
use of SCCP (Fig. S4). Therefore, this 2005 ban likely result-
ed in a large and immediate reduction of emissions into 
water.

Although the increasing trends after the start of produc-
tion and use of SCCPs in Japan were similar in all media, the 
year of peak average emission varied for each environmental 
medium (1992 for air, 1979 for water, and 1990 for soil). This 
difference was attributed to the difference in main emission 
sources for each environmental medium (Fig. S4). The main 
emission source for air was the volatilization from long-term-
use products; therefore, the peak emission to air lagged 
behind the year when production peaked. Conversely, most 
of the water emissions were attributable to the industrial use 
of metalworking fluid; in this scenario, the peak emission 
year coincided with the year, which had the peak use of 
SCCPs. The main emission pathway for soil was from sewage 
water treatment plants; in particular, the use of sludge in 
green farms led to the peak emission of soil being different 
from the peaks of air and water.

The ranges of estimated emissions were the largest in 
water emission. The maximum emission was ~40 times the 

Fig. 3 Homologue distribution in (A) air, (B) surface water, (C) surface water sediment, and (D) seawater sediment
The error bars show the maximum and minimum values. In (B) and (C), the observed values by Iino et al. (2005) were 
short-chain chlorinated paraffin concentrations in river water and sediment.

Fig. 3 Homologue distribution in (A) air, (B) surface water, (C) surface water sediment, and (D) seawater 
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minimum emission for each year before 2010. This was be-
cause water emission was primarily caused by a single emis-
sion source, i.e., the industrial use of metalworking fluid. 
Thus, the effect of variation of water emission factors was 
significant for the wider range of emission estimation results. 
Conversely, the ratios of maximum emission to minimum 
emission of air were smaller than those of water as there 
were multiple contributors. However, the ratio of maximum 
to minimum emissions of air was estimated to show an in-
creasing trend and reached ~35 in 2050. The cause of this 
increasing trend might be the decline in the number of 
emission sources, which has a significant effect.

DISCUSSION

Compared with the results of previous studies (Fig. S5), 
the atmospheric and water emissions had similar values that 
were between the average emission observed in this study 
and those reported by Tsunemi (2010). However, the soil 
emission observed by Tsunemi (2010) was ~50 times lower 
than the minimum value in this study. This might be because 
Tsunemi (2010) assumed that there were no soil emissions 
from long-term-use products. Conversely, the estimation re-
sults by JMoE (2017) were considerably lower than those 
reported in this study. They were at the same level as the 
minimum values in the case of water and soil observed in 
this study and lower than the minimum values in the case of 
air. The lower estimation results by JMoE (2017) may be 
attributed to the difference in emission factors. The volatil-
ization factors were specifically estimated from the release 
factors in this study, and they were considerably higher than 
the values assumed in the JMoE report (2017). In the JMoE 
report (2017), the soil emission would remain high after 2010 
based on the assumption of emissions into the soil from 
landfill sites.

Comparing the estimated and observed concentrations 
(Fig. 2), the atmospheric SCCP concentrations were under-
estimated, whereas water and sediment SCCP concentrations 
were estimated within the range of the observed concentra-
tions. This suggests the presence of unconsidered emission 
sources that have contributed to the SCCP concentration in 
the atmosphere in recent years. Initially, in this study, we 

Fig. 4  Results of total short-chain chlorinated paraffin emis-
sion to air, water, and soil

Fig. 4 Results of total short-chain chlorinated paraffin emission in air, water, and soil 
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estimated the SCCP emission from products in which SCCPs 
are intentionally used. However, there might be products that 
unintentionally contain SCCPs, e.g., the impurities in medi-
um-chain chlorinated paraffins (MCCPs) (Yuan et al., 2020). 
Studies have reported SCCPs in the CP product, which 
mainly contains MCCPs and LCCPs (Sprengel and Vetter, 
2020; Xia et al., 2021). In Japan, assessing the SCCP content 
when producing and importing MCCP products and keeping 
SCCP content < 1% by weight in MCCPs are necessary 
(JMoE, 2019). In recent years, ~600 tons of MCCPs have 
been imported annually (JMoE, 2018). In Japan, the produc-
tion and import of SCCPs had already been banned; thus, 
SCCPs present in MCCPs as impurities could become prima-
ry emission sources in the future. In addition, imported 
long-term-use products may contain SCCPs, as reported by 
Guida et al. (2022b) and McGrath et al. (2021). Moreover, 
some studies have reported that imported products contain-
ing SCCPs played an important role in SCCP inventory in 
recent years (Babayemi et al., 2022; Guida et al., 2022a). Tong 
et al. (2022) also suggested the importance of exporting 
toxic chemicals. Therefore, understanding the amount of 
SCCPs in imported products and estimating the emission 
from these products are essential; thus, the trial estimation 
was conducted as described in Section 3.4. Finally, it was also 
suggested that SCCPs are introduced into the air in Japan by 
atmospheric advection as SCCPs have long-range transport 
properties.

From our estimation results, emission sources would 
continue to exist in the future (Fig. 4); the primary emission 
source may be the stock of SCCPs contained in long-term-use 
products (Fig. S4). These products will be recycled in a 
closed loop, and they may become significant emission sourc-
es, which would result in future stock. In addition, emissions 
from unanticipated products may contain SCCPs. Therefore, 
it is important to focus on the recycling process as a counter-
measure for SCCP emissions. Moreover, some emission 
sources may not have been considered. Hence, it is also 
essential to understand emissions from sources other than 
those that contain SCCPs and have intentionally resulted in 
SCCP emissions in the past. This can include closed-loop 
recycled products that have long product lifetimes, SCCPs 
as impurities in MCCPs, and imported products containing 
SCCPs.

TRIAL ESTIMATION OF SCCP EMISSION FROM IMPORTED 
PVC PRODUCTS

First, the imported amount of PVC products for each 
product category was estimated in the present study. The 
imported amount of total PVC products from 1988 to 2016 was 
obtained from a previous study (Mitsumata and Hashimoto, 
2019). We divided the annual imported PVC amount in pro-
portion to the average amount produced in each product 
category between 2017 and 2021 reported by VEC. The es-
timated imported amount of each PVC product category is 
shown in Fig. S6. We assumed that the amount of imported 
PVC products before 1988 was the value in 1988 and the 
amount of imported PVC products after 2016 was the value 
in 2016.

With the estimated imported amount of plasticized PVC, 

the amount of SCCPs present in imported PVC was estimat-
ed using Eq. 16. We assumed that SCCPs would be detected 
in imported PVC products at a constant rate and SCCPs 
would be present in the detected PVC products at a constant 
concentration.

Imppc t pc t pc pcDetR Conc, , .= × ×PVCImp  — (16)

where Imppc,t: the imported amount of SCCPs present in 
PVC products, pc in a year, t [tons], PVCImppc,t: the imported 
amount of PVC products, pc in a year, t [tons], DetRpc: the 
detection rate of SCCPs in imported PVC products, pc [-], 
and Concpc: SCCP concentrations in PVC products, pc [w/w].

We assumed the detection rate and SCCP concentrations 
in imported PVC products considering the observed value 
by Guida et al. (2022b). Guida et al. (2022b) surveyed im-
ported PVC products in the Japanese market; 38 electrical 
and electronic cables, 10 house interior products, and 39 
children’s products and toys were surveyed. SCCPs were 
detected in 12 electrical and electronic cables (the average 
total SCCP concentration was 1,250 mg/kg) and 21 children’s 
products and toys (the average total SCCP concentration was 
8,780 mg/kg). No SCCPs were detected in house interior 
products. Therefore, we assumed the detection rate of PVC 
wire-coating products, flooring, and other PVC products as 
0.316 (12/38), 0 (0/10), and 0.538 (21/39), respectively, and 
SCCP concentrations in the wire-coating and other PVC 
products were assumed to be 1,250 mg/kg and 8,780 mg/
kg, respectively. In this study, PVC agricultural sheets and 
films were also included in the PVC product category. We 
assumed that the detection rate and concentrations would 
follow a uniform distribution between certain minimum and 
maximum values because of the lack of data. The minimum 
and maximum values were 0–0.538 for the detection rate and 
0–8,780 for SCCP concentrations.

According to the above conditions, the emission estima-
tion model described in Section 2 was used for SCCPs pres-
ent in imported PVC products. Fig. S7 shows the estimation 
results of air, water, and soil emission from imported PVC 
products containing SCCPs. During the estimation period, 
the primary medium for emission was the atmosphere be-
cause the primary SCCP emission pathway was volatilization 
from imported long-term-use products containing SCCPs. 
The total SCCP emission to all media in 2020 was 0.05–19 
tons/year (the average value was 1.7 tons/year; this emis-
sion range was similar to that of the atmospheric SCCP 
emission from SCCPs produced in Japan; the minimum was 
0.8, the average was 4.1, and the maximum was 18 tons/
year). Therefore, a recent SCCP emission status indicated 
that imported products containing SCCPs would play an 
important role. Atmospheric SCCP emission from imported 
PVC products has increased in recent years following the 
increased amount of imported PVC products. However, po-
tential uncertainties in future trends such as changes in the 
imported amount of PVC and SCCP detection rates and 
concentrations were not considered in this estimation.

The contribution of each product category to the total 
SCCP volatilization amount is shown in Fig. S8. The results 
suggested that the primary volatilization source was the PVC 
film because it was a thin product with a large volatilization 
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factor. However, the detection rate and SCCP concentrations 
in the PVC film were in the range of observed values for wire 
coating and toys by Guida et al. (2022b). Therefore, large 
uncertainties may exist in SCCP emission from PVC films. 
In contrast, wire-coating materials and other PVC products, 
in which SCCPs were detected by Guida et al. (2022b), 
showed a 20% contribution to the SCCP volatilization amount 
in 2020, suggesting SCCP emission from imported PVC 
products. PVC flooring, which was assumed not to contain 
SCCPs, also contributed to this amount (Fig. S8). This was 
because we assumed that agricultural PVC sheets would be 
recycled into flooring.

Considering the results of trial emission estimation from 
imported PVC products, we estimated that SCCP emission 
from imported PVC products was similar to SCCP emission 
from products produced in Japan in recent years. Therefore, 
understanding the SCCP-containing status of imported prod-
ucts is important for future SCCP countermeasures.

CONCLUSIONS

In this study, the SCCP emission and environmental 
concentration of each homologue (air, water, and sediment) 
were estimated from 1950 to 2050, considering model param-
eter uncertainties. In addition, the volatilization factors of 
long-term-use products were estimated based on the release 
factors and shapes of products. Environmental concentrations 
of SCCPs were also estimated using the environmental fate 
model to compare them with observed concentrations and 
validate the emission estimation.

The emission of SCCPs presented increasing trends after 
1950 and peaked in 1992 for air, 1979 for water, and 1990 for 
soil (average emissions). Furthermore, the SCCP emissions 
in the environmental media showed a decreasing trend in 
recent years, which will continue in the future. However, the 
results indicate that the SCCP emissions from long-term-use 
products containing SCCPs will persist until 2050. In partic-
ular, volatilization from wire-coating PVC materials would 
have a large proportion of atmospheric emissions because 
wire-coating materials have a long lifetime and tend to be 
recycled in a closed loop. Comparing the estimated and ob-
served concentrations of SCCPs, the water and sediment 
concentrations were within the range of the observed values. 
However, the atmospheric concentrations of SCCPs were 
underestimated by ~10–100 times even in the maximum 
emission cases. Therefore, it was suggested that there are 
unconsidered emission sources such as impurities in MCCPs, 
imported products containing SCCPs, and atmospheric ad-
vection. It is also essential to understand the unconsidered 
emission sources associated with this study.
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