Environmental Pollution xxx (2017) 1-9

journal homepage: www.elsevier.com/locate/envpol

Contents lists available at ScienceDirect
:;NVIRONMENTAL

E
POLLUTION

Environmental Pollution

Emissions estimates of carbon tetrachloride for 1992—2014 in China®

Pengju Bie %, Xuekun Fang °, Zhifang Li %, Ziyuan Wang ?, Jianxin Hu *~

@ College of Environmental Sciences and Engineering, Peking University, Beijing 100871, China
b Center for Global Change Science, Massachusetts Institute of Technology, 77 Massachusetts Ave., Cambridge, MA02139, United States

ARTICLE INFO

ABSTRACT

Article history:

Received 21 October 2016
Received in revised form
20 February 2017
Accepted 22 February 2017
Available online xxx

Keywords:

Carbon tetrachloride

Emission

Bottom-up method
Interspecies correlation method

Discrepancies in emission estimates of carbon tetrachloride (CCly, CTC), between bottom-up and top-
down methods, have been shown since the 1990s at both the global and regional scale. This study es-
timates the emissions of China from 1992 to 2014 based on emission functions and aggregated activity
information given reasonable uncertainties. The results show that emissions increase from 7.3 Gg/yr (5.6
—9.1 Gg/yr at 95% confidential interval) to 14.0 (9.1—19.5) Gg/yr with a growth rate of 6.7 (1.9—11.4) %/yr
during 1992—2002 and then decrease to a minimum of 4.3 (1.9—8.0) Gg/yr in 2011. More than 54% of the
emissions during 1992—2009 are from the process agents sector. The estimates are comparable with
those of other studies and those in this study based on observations during 2011—2014 using the
interspecies correlation method. China's contribution to global emissions increases from 7.5% to 19.5%
during 1992—-2009, but the contribution is reduced to 9.9% and 8.0% in 2010 and 2011, respectively,
indicating the effectiveness of compliance with the Montreal Protocol and its subsequent Amendments
and Adjustments, whereby CTC emissions are phased-out. The results of this study are beneficial for
narrowing the gap between bottom-up estimates and top-down emission calculations of CTC in China.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The greenhouse gas carbon tetrachloride (CCly, CTC) is a pri-
mary, anthropogenic ozone depleting substance (ODS) whose
production and consumption for emissive uses are regulated under
the Montreal Protocol (MP) and its subsequent Amendments and
Adjustments. It has an estimated total lifetime that varies from 26
years (Carpenter et al., 2014) to 33 years (SPARC, 2016), an ozone
depletion potential (ODP) of 0.72, and a 100-year global warming
potential (GWP) of 1730 (Harris et al., 2014).

Historically, CTC produced from chloromethane production fa-
cilities has been consumed mainly as a solvent and process agent,
and as a feedstock for the production of chlorofluorocarbons (CFCs)
and their substitutes. It is now used only as a feedstock, in addition
to other less essential applications, including process agent and
laboratory and analytical applications (Carpenter et al., 2014; MEPC,
2009; UNEP, 2015a).

Although it is important to control and regulate CTC during
production and consumption, in compliance with the MP as a de
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facto means of emissions control, estimates of emissions are an
important component of estimates of halogen loading to the at-
mosphere (Vollmer et al., 2009). Thus, accurate emission estimates
will be beneficial. However, estimated emissions of CTC based on
lifetime and precisely observed atmospheric abundances (i.e., top-
down estimates) have not been in accord with those estimates
based on reported production and consumption (i.e., bottom-up
estimates) (Carpenter et al., 2014; SPARC, 2016). This discrepancy
exists globally, and also occurs in China. The first bottom-up
emission estimate of CTC for China, from 1995 to 2024, is re-
ported by Wan et al. (2009), but that study is non-comprehensive
because it covers only the use of solvent and process agents.
Other relevant studies adopt interspecies correlation (ISC) tech-
niques using CO or HCFC-22 as a tracer to estimate CTC emissions,
e.g., Palmer et al. (2003), 17.6 + 4.4 Gg/yr for 2001; Yao et al. (2010),
4.7 Gg/yr for 2007; and Wang et al. (2014), 4.4 + 3.4 Gg/yr for 2010.
Thus, the latter estimates are 197% + 49%, 62%, 587% + 453% of the
emission estimates for 2001, 2007 and 2010 that are 8.9 Gg/yr,
7.6 Gg/yr and 0.75 Gg/yr in Wan et al. (2009), respectively. Another
study combines observations at Shangdianzi, located in the North
China Plain, with an inverse modeling approach and estimates
emissions of 15f§ Gg/yr during the period October 2006 to March
2008 (Vollmer et al., 2009), in which the best estimate (15 Gg/yr) is
197% of the estimate for 2007 (7.6 Gg/yr) in Wan et al. (2009). The
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discrepancy between the bottom-up inventory and top-down es-
timates of CTC emissions for China remains unresolved.

In addition, because of the low density of long-term surface
observations in China, achieving a better understanding of the
contribution of China's CTC emissions to total global emissions has
remained difficult (Carpenter et al.,, 2014; Vollmer et al., 2009).
Therefore, a comprehensive and reliable CTC inventory for China is
needed for quantification of global CTC emissions.

Based on a survey of CTC and chloromethane production plants
and thorough investigation of CTC application fields, we adopt the
bottom-up method to estimate China's CTC emission inventory.
Approximately 0.03—0.25% of tetrachloroethylene (PCE) emissions
convert to CTC (Singh et al., 1975; Franklin, 1994); due to consid-
erable PCE consumption, and emissions of 60 Gg/yr in 2013 (Yang,
2013) and 44.9 + 32.4 Gglyr in 2010 (Wang et al., 2014), this
emission source in China should also be considered. Additionally,
CTC has been found in smog from coal combustion (Li et al., 2003).
As China is the largest coal producer and consumer in the world,
with production and consumption of more than 2.5 Tg/yr in 2008
(Lin and Liu, 2010), we consider this source as well. Because these
two emission sources have not been included in bottom-up emis-
sion inventories previously (Carpenter et al.,, 2014; Wang et al,,
2014; SPARC, 2016), they may contribute to addressing the
discrepancy between bottom-up and top-down estimates. Hydro-
chloric acid (HCI) and chlorine water (Dong, 2008), instead of CTC,
are applied to remove NCl; during the spraying cleaning process of
chloralkali plants in China. In addition, there is little convincing
evidence that other non-industrial CTC emission sources could
substantially account for the discrepancy (Fraser et al., 2014; Hu
et al.,, 2016), so we have not considered these sources (e.g., land-
fills, waste treatment or incineration facilities, and contaminated

combine uncertainties in 2006 IPCC Guidelines for National
Greenhouse Gas Inventories (IPCC, 2006), and as well as the prompt
emission factor in Wan et al.(2009). CTC emissions from 1992 to
2010 have been estimated in five fields in China (as shown in Fig. 1):

A. CFC production sector, in which CTC is used mainly as feed-
stock for CFC-11 and CFC-12 production;

B. Feedstock production sector, in which CTC is used as a raw
material to produce non-ODS chemicals;

C. Process agents sector, where CTC has unique chemical and/or
physical properties that facilitate intended chemical reactions and/
or inhibit unintended chemical reactions;

D. Solvents sector, in which CTC has been produced for use as a
cleaning agent or solvent, such as for electronic machinery, medical
equipment, automobiles, precision instruments, etc.;

E. Chemical reagents in laboratory, for technological develop-
ment and laboratory-based scientific research.

In addition, because CTC has been produced and consumed in
China, leakage emissions from CTC production, storage and trans-
port, ventilated to the atmosphere, cannot be neglected. From 2011
to 2014, CTC consumption is limited for applications in sectors C
and E, with uncontrolled consumption in sector B. However, as CTC
is still produced as an unavoidable byproduct of chloromethane
production after 2010 in China, and as the annual production of
chloromethane remains in millions of metric tons due to rapid
growth (Xu, 2012), emission estimates from this sector should be of
considerable concern. Additionally, we consider the emissions
associated with the atmospheric conversion of PCE (Singh et al.,
1975; Franklin, 1994), as well as the production and consumption
of coal (Li et al., 2003; ODEQ, 1998). The annual total CTC emissions
obtained by summing the results of each sector are calculated by
Equation (1):

Perc—(t) < EFcre—pro + Cere—cres—(t) % EFcres—pro + Csol—(e—1) < (1 = EFsqp) + Csoi—r) % EFso1, 1992 <t <2010

Ecre—t) = Rem—cre

Pey_ ) %
MO " T ~Rem_crc

Crab—(t-1)

x EFcrc_pro, 2011 < t < 2014

% (1 — EFyap) + Crap—(¢) % EFianCron—ops—t) < EFnon-ops + Cca—t < EFcaCerc—(t) * EFross + Epce—(t) X Rpce—c1cPcoal— ()

x EFcoai—pro + CCoal—(t) x EFcoal—con;

industrial sites) (SPARC, 2016). Furthermore, based on the CTC and
HCFC-22 concentrations measured at a monitoring site, a campus
station at Peking University (40.00° N, 116.30° E), in northern China
during 20112014, CTC emissions are also estimated using the ISC
method, with the updated HCFC-22 emissions (in the same period)
of Li et al. (2016). We have estimated the historical emissions and
compared the results with those of other studies from 1992 to 2014.
The uncertainties in emission estimates are quantified using the
Monte Carlo method.

2. Methodology

2.1. Bottom-up estimation of historical emissions during
1992—2014

The bottom-up CTC emission estimates refer to the General
methodological issues for all ODS substitutes sub-source categories
in Good Practice Guidance and Uncertainty Management in Na-
tional Greenhouse Gas Inventories (IPCC, 2000), and Methods to

(1)

where Ecyc_(y) stands for the total CTC emissions in the year t;
Pcrc—(ry and Pgy_ (g are the annual productions of CTC and chloro-
methane excluding CTC, respectively; EFcrc_pro is the emission
factor of CTC emission from productions of CTC and
chloromethane;Ccrc_() is the annual total CTC consumption;
Cerccres—(t)» Cnon-—ops—(t)» Cca—ts Csol—(t)» and Cpgp_(ry are the CTC
consumption of sectors A, B, C, D, and E, and hence
EFcrcs—_pros EFnon—ops, EFca, EFsoy and EFj,, are the corresponding
emission factors, respectively, EF; s is the loss ratio from storage
and transport; and Rqy_crc represents the proportion of CTC pro-
duction among total chloromethane production. Epcr_, is the
annual emission of PCE in China, Rpc_ cc represents the conversion
factor of CTC from PCE, and Pcyq_ () and Cyq— () are the annual
production and consumption of coal in China, respectively. We have
obtained the production and consumption information for coal
during 1992—2014 from the China Statistical Yearbook: 2015 (NBSC,
2015), as shown in Fig. S1 in the Supporting Information (SI). The
activity information about PCE is estimated and discussed in detail
in the SL
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