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RESEARCH ARTICLE

Do CO2 emissions trading schemes deliver co-benefits? evidence from
shanghai
Jie-Sheng Tan-Sooa, Lili Lia, Ping Qinb and Xiao-bing Zhangb,c

aLee Kuan Yew School of Public Policy, National University of Singapore, Singapore, Singapore; bSchool of Applied Economics,
Renmin University of China, Beijing, People’s Republic of China; cTechnical University of Denmark, Lyngby, Denmark

ABSTRACT
While ex-ante evaluations of climate mitigation policies predict that co-benefits of
improved air quality will enable the aggregate benefits of climate mitigation
policies to outweigh their costs, there is little empirical evidence to support this
assertion. In this study, we use data on weekly smokestack emissions of sulfur
dioxide (SO2) from firms participating in Shanghai’s carbon dioxide (CO2) emissions
trading scheme (ETS) to deliver one of the first ex-post evaluations on the co-
benefits of China’s ETS. Using a panel-regression model in which all firms’
characteristics and seasonal effects are controlled, we find a significant negative
association between CO2 emissions prices and industrial SO2 emissions (elasticity
of −0.13). A closer examination reveals that most of these effects were driven by
specific sectors (iron and steel) and during months in which firms were required to
balance their annual CO2 emissions. To ensure our results are not driven by
confounding factors and our model’s assumptions, we conducted several
falsification checks using SO2 emissions from non-ETS firms and firms from a
nearby city, using various model specifications. Our findings suggest that co-
benefits from climate mitigation policies should not be taken for granted, and that
policy designs and types of sector sources of emissions are important determinants
of co-benefits.

Key policy insights:
. The study provides empirical evidence for air pollution co-benefits of a CO2 ETS

using weekly smokestack-level data from Shanghai, China
. Evidence from the Shanghai ETS shows that a 1% increase in CO2 prices in

Shanghai is associated with a 0.13% decrease in SO2 emissions
. These co-benefits, however, are limited to specific sectors (e.g. ferrous metals), and

are not found in other major CO2 emitting sources or sectors (e.g. power utilities)
. The relationship between CO2 prices and co-benefits is also stronger during

months in which firms are required to balance their annual CO2 emissions using
permits
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1. Introduction

One of the main impediments to more aggressive climate mitigation policies is that while the climate-related
benefits of reducing greenhouse gas (GHG) emissions are distributed globally, the costs are borne almost
entirely locally (Nemet et al., 2010; Somanathan et al., 2014).1 This misalignment of costs and benefits has
prompted scholars and policymakers to consider using ‘co-benefits’ to justify ambitious climate actions. The
rationale behind co-benefits in climate mitigation policies can be understood in the following manner. First,
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many processes that produce large amounts of GHG are also major emitters of air pollutants; for example, fossil
fuel combustion emits both carbon dioxide (CO2) and non-GHG air pollutants such as sulfur dioxide (SO2) and
nitrous oxides (NOX) (IEA, 2016; IPCC, 2014; Perera, 2017; Quéré et al., 2018).2 In this regard, it is likely that pol-
icies that reduce GHG emissions will have the dual effects of reducing co-emitted air pollutants. This reduction
in co-emitted air pollutants would then induce near-term local public health benefits (e.g. the reduction of SO2

and NOX, which are major causes of respiratory illnesses) even though the underlying policy specifically targets
GHG emissions (Cai et al., 2016; Cheng et al., 2015; Driscoll et al., 2015; Jiang et al., 2013; Karlsson et al., 2020; Li
et al., 2018; Nemet et al., 2010; Thompson et al., 2014; West et al., 2013). This implies that policies designed to
reduce GHG emissions could potentially deliver local dividends that should be part of the cost–benefit account-
ing of climate mitigation policies.

While co-benefits sound like attractive propositions, there is insufficient empirical evidence to support their
inclusion in policy considerations. Until now, due to the lack of existing policies and data, most studies on air
quality-related co-benefits have relied either on assumptions-laden simulated models or qualitative descrip-
tions (e.g. Cheng et al., 2015; Li et al., 2018; Thompson et al., 2014). However, the latest IPCC Assessment
Report and other literature have highlighted that empirical evidence of co-benefits of climate mitigation pol-
icies is a key knowledge gap and is sorely needed by policymakers to justify costly climate policies (Karlsson
et al., 2020; Somanathan et al., 2014). One reason is that simulated models that predict the existence of co-
benefits are often based on stylized or first-best scenarios in which programmes are optimally designed and
firms behave predictably (Cheng et al., 2015; Karlsson et al., 2020; Li et al., 2018; Thompson et al., 2014). In prac-
tice, there is likely to be significant heterogeneity in co-benefits due to variations in income levels, programme
designs, and spatial locations – all of which cannot be comprehensively included in simulated models (Nemet
et al., 2010; Woollacott, 2018).

To this end, this study uses a panel dataset of pollutant emissions from industrial firms in the Chinese mega-
city of Shanghai to examine the co-benefits of a major climate mitigation policy. Specifically, we investigate
whether the CO2 emissions trading scheme (ETS) reduces firms’ SO2 emissions, as predicted by most simulation
models. We arrive at the following findings using fixed-effects regressions. First, we observe that ETSs do indeed
deliver co-benefits, as a 1% increase in CO2 prices is associated with a 0.13% decrease in firm-level SO2 emis-
sions. Second, heterogeneity analyses revealed that co-benefits are not widespread. We find that impacts are
mostly driven by the ferrous metal industry as opposed to other major polluters such as power utilities (i.e. elec-
tricity and heating plants). The impacts are also more strongly observed during the CO2 ‘auditing’ months
during which firms pay more attention toward gathering sufficient emissions permits to cover emissions.
Taken together, these findings imply that policy design and implementation are key determinants of co-
benefits.

1.1. Background on China’s emissions trading schemes

China became the world’s largest GHG emitter in 2012, and pledged in the 2015 Paris Agreement to reduce its
CO2 emission intensity by 60%–65% in 2030 relative to the 2005 level (NDRC, 2015). Most recently, China
announced an ambitious goal of achieving carbon neutrality by 2060 (Mallapaty, 2020). To fulfil these commit-
ments, China has adopted many climate mitigation policies, of which the CO2 ETS is one of the largest (Li &
Wang, 2011; Nejat et al., 2015). The ETS functions by first establishing a total CO2 emissions cap for all regulated
firms. Regulated firms respond to this cap by either reducing their emissions, purchasing emissions permits
from other firms, or a combination of the two. The ETS makes it costly for firms to emit CO2, and the extent
to which firms respond to this policy is a function of the emissions permit price (we illustrate this concept in
greater detail in a later section).

Until now, thirty-one local, national or regional ETSs have been implemented or are scheduled for
implementation, among which the European Union (EU) ETS is currently the largest CO2 ETS (World Bank,
2020). Since 2013, China has developed seven independent CO2 ETS pilots in the cities of Beijing, Tianjin, Shang-
hai, Chongqing, and Shenzhen and the provinces of Hubei and Guangdong. While these ETS pilots share policy
designs, such as an intensity-based cap, the inclusion of the electricity sector, and the use of free allocation,
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there are also variations in terms of non-compliance penalties, sectoral coverage, and permit allocations. The
Chinese government’s goal is to gather evidence of policy effectiveness and implementation experience from
these pilot schemes and feed them into the design of a national-level ETS, which was soft-launched in Decem-
ber 2017, and recently began operations in July 2021 (NDRC, 2015).3

Other than meeting abatement commitments, the ETS and other GHGmitigation policies are consistent with
China’s domestic goals of moving toward renewable energy sources and improving air quality (Schreurs, 2016).
This is because, first, China is dependent on coal (which accounts for around 70% of China’s CO2 emissions4) to
meet about 58% of primary energy consumption needs, and to generate more than half of its total electricity
consumption.5 Second, coal combustion not only emits GHGs, but is also estimated to be responsible for about
90% of SO2 emissions, 67% of NOx emissions, and 70% of particulate matter emissions (Chen & Xu, 2010). Hence,
it is hopeful that an ETS will add to the cost of coal usage and prompt firms to move towards alternative sources
of energy that emit less CO2 and air pollutants.

While evidence of the effectiveness of China’s ETS in reducing CO2 emissions is emerging, there are still no
studies that examine its co-benefits (Tang et al., 2020; Zhang et al., 2019a; Zhang et al., 2019b). We address this
research gap by examining the influence of ETS policy on industrial firms’ air pollution over the period from
2014 to 2016.

To this end, we chose to study the Shanghai ETS for several reasons. First and foremost is the size and diver-
sity of Shanghai and its industrial activities. Shanghai is one of the most important cities in China, as it is one of
four provincial-level cities. Shanghai also has the largest GDP and urban population of all Chinese cities (China
Statistical Bureau, 2018). Moreover, many of the sectors included in the Shanghai ETS are ubiquitous across
China’s industrial landscape: power utilities and steel and iron ore. Thus, findings from this study are not
only of significant value to policymakers and residents in Shanghai, but can also be applied to similar industrial
sectors across China.

Second, out of the seven pilot ETSs, Shanghai’s market is one of the most consistent performers (see Table 1
for the policy design of the Shanghai ETS) (Zhou et al., 2020b). Zhou et al. (2020b) examined all seven ETS pilots
in China from 2013 to 2015, and found that Shanghai was the only market to achieve 100% compliance. They

Table 1. Policy Design Features of the Shanghai ETS.

Design features Details
Identifying potential
participants

Firms are capped if they meet the following thresholds:

(1) Emissions >20,000 tons CO2 in 2010 or 2011 for major industrial sectors; the threshold is >10,000 tons
CO2 for non-industrial sectors.

(2) Total 197 firms were capped during 2013–2015 and 368 firms were capped in 2016.

Cap coverage Firms with mandatory targets cover industrial sectors such as the electricity generation sector, steel and iron,
non-ferrous metals, paper, rubber, ferrous metals, chemicals, chemical fibre, petrochemicals, textiles,
building materials, etc. Some entities are from non-industrial sectors such as aviation, ports, railway, large
commercial shops and hotels, etc.

Scale Share of the cap coverage in the total emissions: about 57%.
Covered emissions Direct CO2 emissions from industrial processes and energy consumption; indirect CO2 emissions from heat

and electricity consumption.
Cap setting and allowance
allocation

Intensity-based emission caps are assigned to participating firms, which can then buy more emission
allowance from the ETS market. Cap-setting is based on the historical emissions, or the sectoral benchmark
and activity level.

Emission allowance allocation: auctioning + free allocation.
Restriction on offset credit
usage

≤5% of initial allowances.

Enforcing compliance Non-compliance incurs a fine of 50,000–100,000 yuan; failure to submit the emission report incurs a fine of
10,000–30,000 yuan; failure to accept verification as required incurs a fine of 30,000–50,000 yuan.

Calendar At the beginning of year T, the regulated firms receive their emission allowances for year T. The regulated
firms must ask a third party to verify their reports and then submit the verified emission reports of year (T-1)
by 30th April. At the end of June in year T, Shanghai ETS-regulated firms must submit the allowances valid
during year (T-1) to comply with their targets of year (T-1).

Note: information collected from Swartz (2013), Wu et al. (2014), Wu et al. (2016), Zhang et al. (2017), and relevant Chinese policy documents
(see Table S2).
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also found that Shanghai ETS’s trading volume and value are ranked middle among the seven pilots (Zhou et al.,
2020b). In terms of policy features, the Shanghai ETS sets a 19% target reduction in carbon intensity, which is on
par with the other ETS’ targets of 17% to 21%. The sectors included in Shanghai’s ETS account for around 57% of
total CO2 emissions. This is on the high side, as the shares of emissions range from 33% (Hubei) to 60% (Tianjin)
(Zhou et al., 2020b). Like other ETSs, most initial CO2 permits were allocated freely to firms, and a small portion
were auctioned. Shanghai’s policy on carbon credit offset is also the most conservative, as firms are only
allowed to offset a maximum 5% of their CO2 emissions using reductions from outside of Shanghai. In compari-
son, other ETSs allowed 10% (Zhou et al., 2020a).

Third, data limitations were a practical reason for our focus on Shanghai. Earlier studies evaluating China’s
ETS used annual emissions data aggregated at the provincial or provincial-sector level (Tang et al., 2020; Zhang
et al., 2019a; Zhang et al., 2019b). While provincial-level data is more readily available, it may fail to deliver more
nuanced evidence and policy insights. For this reason, we conducted our analyses at the weekly smokestack
level. Although this approach limits the geographic scope of our study, it not only allows us to investigate
how prices of CO2 permits affect SO2 emissions – thus elucidating a pathway mechanism – it also allows us
to conduct heterogeneity analyses by sectors.

1.2. Literature review

This study is broadly related to two major strands of literature. The first strand comprises of studies examining
the co-benefits of climate mitigation policies. In one of the earliest papers examining co-benefits in China, Jiang
et al. (2013) used descriptive statistics to show that CO2, SO2, and particulate matter levels fell concurrently in
the Tiexi district of Shenyang province following the implementation of stricter environmental regulations on
energy usage and emissions standards. However, it is unclear from their analyses whether the emissions
reductions were spurious or attributable to policy. Later studies attempted to provide evidence for stronger
linkages between policy and co-benefits by using more rigorous modelling approaches. First, Cheng et al.
(2015) projected the impacts of an ETS on SO2 emissions in Guangzhou using a computational general equili-
brium (CGE) model. Their model used the existing production levels, energy consumption, and emissions
profiles of major industrial sectors in Guangzhou as well as trade and export statistics to predict the impact
of an ETS on post-policy industrial output. They estimated that SO2 emissions would be reduced by around
9% as a result of the ETS. Li et al. (2018) further incorporated a dose–response function of air pollution and
health into their CGE model to estimate how projected air pollutant co-benefits would lead to health improve-
ments. Across three hypothetical CO2 emissions reduction policies in China, they found that health benefits
from reductions in co-emitted pollutants would fully offset policy costs. Lastly, these simulated CGE models
of co-benefits have also been applied outside of China. Using the same approach, Thompson et al. (2014) con-
cluded that monetized health benefits from hypothetical nationwide GHG emissions reduction policies in the
United States would offset at least 26% of policy costs. They also compared different policies and projected that
an ETS would deliver the most co-benefits. A key similarity of all these studies is their use of ex-ante (as opposed
to ex-post) models to examine the co-benefits of climate mitigation policies. This means that the data and pol-
icies examined in these studies are mostly simulated or hypothetical, and their findings are to a large extent
determined by the models’ assumptions.

The second strand of literature relates to those evaluating the effectiveness of the ETS in China. Due to the
recent introduction of the ETS policies in China, this is a small but growing group of literature. A consensus on
the ETS’ effectiveness in reducing CO2 emissions has emerged from the existing studies. One of the earliest
empirical papers found that carbon emissions were reduced by around 1.7 tons/capita (Zhang et al., 2017).
More recent studies using different methods and datasets similarly found that the ETS reduced carbon emis-
sions by 10%-16% (Tang et al., 2020; Zhang et al., 2019a; Zhang et al., 2019b). However, a point of departure
is that studies conducted at the sectoral level found no evidence of a reduction in carbon intensity (i.e. CO2

emissions per production) as opposed to those conducted using provincial aggregate emissions. Specifically,
Zhang et al. (2019a) found no statistical differences between the carbon intensity of sectors included under
the ETS and those not covered by the ETS. In contrast, Zhang et al. (2019b) only used data from sectors included
under the ETS and found differences in carbon intensity between ETS provinces and non-ETS provinces. One
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takeaway from these two studies is that different industrial sectors are likely to be affected in various ways by
the ETS, and sector-level analyses can shed additional light on the effectiveness of the ETS.

In view of the existing studies on the co-benefits and effectiveness of China’s ETS, our study makes the fol-
lowing contributions to the literature. First, and in contrast to studies based on ex-ante simulated models that
currently dominate the literature on co-benefits, this is one of the first studies using actual emissions data.
Moreover, we exploit the granularity of our dataset to include smokestack fixed-effects, which control for all
time-invariant factors such as ownership, sector, location, scale of production, production technology, size of
smokestacks, and management structure. All these factors are known to affect firms’ pollution levels, and
thus controlling for them will not only improve precision of the modelling, but also reduce confounding
explanations.

Second, existing evaluations of ETS programmes in China and the EU have shown that different industrial
sectors reduce their CO2 emissions or CO2 intensity in various ways (Borghesi et al., 2015; Tang et al., 2020;
Zhang et al., 2019a; Zhang et al., 2019b). By extension, we should also expect to observe heterogeneous
responses for co-benefits. However, co-benefit analyses at the sectoral level have yet to be attempted using
actual emissions data. Findings from this study would thus provide more insightful policy guidance, as most
ETS programmes are implemented at the sector level.

Lastly, the existing evaluation studies of ETS programmes have primarily relied on a reduced-form approach
(e.g. Zhang et al. (2019a) used a difference-in-differences approach to estimate how the ETS affects CO2 emis-
sions). Such approaches, while empirically robust, are characterized as ‘blackbox’ applications, as they do not
depict the mechanisms through which ETSs affect emissions (Deaton, 2010). For instance, firms could reduce
their emissions purely due to the existence of a climate mitigation policy rather than reacting to specific
policy lever(s), such as emissions permit price. In this study, we take a different empirical approach by directly
using the ETS policy lever – prices of CO2 emissions permits – to investigate their impact on SO2 emissions,
thereby furthering our understanding of how the ETS generates co-benefits in the form of reduced SO2

emissions.

2. Method and data

In this section, we first propose an empirical model to estimate the relationship between Shanghai’s ETS CO2

prices and smokestacks’ SO2 emissions and discuss various robustness checks that we will run to rule out con-
founding explanations. Second, we introduce the dataset used in this study.

2.1. Empirical model

We focus on SO2 in the empirical analysis as the primary co-benefit for two reasons. First, air pollution is one of
the biggest environmental problems that China is facing, with SO2 being a primary culprit (Gao et al., 2009; Li
et al., 2016). Second, CO2 is often emitted concurrently with SO2, as they are both produced from coal combus-
tion – the most commonly used fuel source across industry in China (Nam et al., 2013). As such, CO2 emissions
mitigation policies targeting industry in China, if effective, should also reduce SO2 emissions.

A simple theoretical model of firm’s emissions behaviours (see Supplementary Material (SM)) predicts that
CO2 emissions prices will have a negative relationship with SO2 emissions, that is, as CO2 prices rise SO2 emis-
sions will decline (along with CO2 emissions). Here, we test this hypothesis by estimating the following fixed-
effects panel regression model:

ln(SO2)ijt = b∗(lnPricet)+ aij +Wt + f (t)++dt + uijt (1)

ln(SO2)ijt is the log-transformed SO2 emissions from smokestack i of firm j at week t. The key explanatory vari-
able, lnPricet, is the log-transformed weekly traded price of CO2 emissions permits. The coefficient of interest is
b, which can be interpreted as the elasticity of SO2 emissions with respect to CO2 prices (i.e. the percentage
change in SO2 emissions for a 1% change in CO2 prices).
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aij denotes the fixed effects of the smokestack, which controls for factors invariant to the smokestack, such
as a firm’s ownership and type, scale of production, and production patterns. Wt is a vector of location specific
weather conditions such as temperature, wind speed, sea-level pressure and humidity, included up to a quad-
ratic term. f (t) is a quadratic time-trend to account for temporal changes in emissions over time. dt denotes
time-fixed effects, included at monthly and yearly levels. These time-fixed effects are included to control for
seasonal differences in emissions caused either by economic factors or by government policies. Lastly, uijt is
the error term clustered at the smokestack level.

While we have taken care to rule out most confounding explanations by using an array of fixed effects, there
are still several manners in which the results could be confounded. As such, we run three sets of robustness
checks to rule out these alternative explanations. First, to ensure that our results are not confounded city- or
regional-level factors that vary along with CO2 prices, we use non-ETS firms from Shanghai and the nearby
city of Ningbo as falsification tests. Second, we use lead CO2 prices to rule out a reverse causality relationship
with SO2 emissions. Third, we relax several modelling assumptions to ensure that our baseline results are not
driven by these empirical decisions: i) standard error clusters, ii) CO2 prices at different time lags, and iii) aggre-
gate the dataset to monthly level.

2.2. Data

The dataset used in this analysis ranged from March 2014 to December 2016 and is constructed from three
sources. First, we obtained hourly SO2 emission concentration (mg/m3) at the smokestack level from a moni-
toring programme implemented by the Chinese Ministry of Ecology and Environment. The Ministry publicly
identified major air, water, and soil pollution sources in each province across the entire country; once identified,
these sources (mostly industrial factories, heating plants, and power stations) are required to install measure-
ment devices at each emissions point. A ‘snapshot’ record of emissions for major pollutants is taken at each
hour and automatically uploaded to a public server. In all, the data covers 103 smokestacks across 31 major
air pollution sources in Shanghai. We use smokestacks rather than firms as the unit of analysis because smoke-
stacks are the actual point sources of SO2 emissions, and a firmmay have multiple smokestacks. The hourly data
is aggregated into weekly data to better suit our analytical approach. In all, this yielded 6,985 weekly obser-
vations of 103 smokestacks in 31 firms in Shanghai. To limit selection bias, the data sample includes most of
the major air pollutant emitters in Shanghai. From the list of the major polluting firms in 2016, our sample
covered 21 firms among the total 23 major air pollutant emitters in Shanghai.6

The second source of information is daily market price (CNY/ton CO2) of CO2 emission allowances from
online sources that compile daily market data published by the exchanges of ETS markets in China.7 Similarly,
the daily prices are aggregated to the weekly level.

Lastly, Shanghai’s weather data were collected from the China Meteorological Administration.
Table S1 displays the descriptive statistics (see SM). Shanghai’s data consists of emissions measurements

taken from 103 smokestacks, 96 of which are regulated by the ETS policy. The average weekly SO2 emissions
concentration is around 33.3 mg/m3, and the average trading price is around 22.69 CNY/ton. Trading volume
averages at around 50,000 ton of CO2 per week.

3. Results

3.1. Relationship between Shanghai CO2 prices and SO2 emissions

The baseline results are shown in Table 2, in which fixed effects and covariates are incrementally added from
Columns (1) to (3). We begin the estimation with a basic fixed-effects model. This specification includes smoke-
stack and time fixed effects, which respectively control for firms’ characteristics (such as sectors, production pro-
cesses, ownership) and seasonal effects (such as the cost of raw materials and economy-wide factors). The
coefficient for log-transformed CO2 prices is −0.21, suggesting that SO2 emissions will decrease by 0.21% for
every 1% increase in CO2 prices. Quadratic time trends and weather controls are incrementally added to the
estimation models in Columns (2) and (3), respectively.
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Our preferred specification is Column (3), in which all covariates and fixed effects are included. The coeffi-
cient for log-transformed CO2 price is statistically significant at the 5% level, and estimated at around −0.13.
This coefficient can be interpreted to indicate that a 1% increase in CO2 price is associated with a 0.13%
decrease in SO2 emissions. These baseline results suggest that the Shanghai ETS, which effectively puts a
price on CO2, delivers co-benefits in the form of reduced SO2 emissions.

Beyond this, we categorize ETS firms into two industrial sectors: i) power utilities (i.e. electricity and heat),
and ii) non-power utilities (e.g. metals production and chemicals). Evidence from the EU shows that the CO2

emissions of firms from sectors such as electricity are less affected by inclusion in an ETS (Martin et al.,
2016). As such, we aim to examine whether there is similar heterogeneity in the Chinese context. A comparison
between these two sectors reveals that SO2 emissions from power utilities are less sensitive to CO2 prices than
firms from other industrial sectors (Table 3, Columns (1) and (2)). While the elasticity for power utilities is not
statistically significant, firms in other industrial sectors present a different picture as the elasticity for CO2

prices is around −0.2 and statistically significant at the 1% level.
As a follow-up, firms in the non-power utilities sector can be further distinguished into either ferrous metals

or ‘all other’ industries (Table 3, Columns (3) and (4)). This is an important distinction in the context of China’s
industrial sectors, as the ferrous metals industry (consisting mainly of steel and iron factories) is not only a sig-
nificant contributor to the economy, but also a major source of pollution (Guo et al., 2017; Yang et al., 2019).
Moreover, due to overcapacity, the Chinese ferrous metal industry is known for low profit margins of around 1-
10%, which are even negative in some cases (Tan-Soo et al., 2019; Xu & Liu, 2018). As such, this industry is likely
to be more sensitive to production price changes. The results confirm our hypothesis, as SO2 emissions from
ferrous metals are highly sensitive to CO2 prices with an elasticity of −0.3. In contrast, the coefficient for ‘all
other’ industries is smaller at −0.14, and statistically significant at the 10% significance level.

Finally, we examine whether firms react differently to CO2 prices over the course of a year. One possible
reason that firms are more active during certain parts of the year is that firms in the Shanghai ETS have until
June of the succeeding year to fulfil their emissions ‘debts’ or sell excess permits from the preceding year.
As such, we divide each year into four quarters and estimate Equation (1) separately for Q1 (January to
March) to Q2 (April to June) and Q3 (July to September) to Q4 (October to December). If firm managers pay

Table 2. Main regression model of CO2 prices on SO2 emissions.

(1) (2) (3)
VARIABLES Fixed effects +time trend +weather

ln(CO2 price) −0.213*** −0.124** −0.126**
(0.064) (0.059) (0.060)

Smokestack fixed effects Yes Yes Yes
Year and month fixed effects Yes Yes Yes
Week-year polynomial No Yes Yes
Weather controls No No Yes

Notes: N=6,738. Dependent variable is log-transformed weekly SO2 emissions. Week-year polynomial are time trends included until the quad-
ratic term. Weather controls are temperature, wind speed, sea-level pressure, windspeed, and precipitation. All weather controls are included
until the quadratic term. Standard errors are clustered at smokestack level and shown in parentheses;

*** p<0.01, ** p<0.05, * p<0.1.

Table 3. Heterogeneity analyses by sectors and time periods.

(1) (2) (3) (4) (5) (6)
VARIABLES Power utilities non-Power utilities Ferrous metals non-Ferrous metals Q1 & Q2 Q3 & Q4

ln(CO2 price) −0.074 −0.206*** −0.293** −0.135* −0.289*** −0.070
(0.084) (0.067) (0.116) (0.073) (0.105) (0.074)

Observations 4,354 2,384 1,039 1,345 3,209 3,525

Notes: Dependent variable is log-transformed weekly SO2 emissions. The non-Ferrous metals sector in Column (4) does not include power
utilities firms. Q1 in Column (5) refers to the first quarter of the year, and so on. All models are estimated with smokestack-fixed effects,
year- and month-fixed effects, week-year polynomial, and weather controls. Week-year polynomials are time trends included until the quad-
ratic term. Weather controls are temperature, wind speed, sea-level pressure, windspeed, and precipitation. All weather controls are included
until the quadratic term. Standard errors are clustered at smokestack level and shown in parentheses;

*** p<0.01, ** p<0.05, * p<0.1.
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increased attention to their carbon emissions during the reporting period, then we would expect to see a larger
response in Q1 and Q2 compared to other periods. We can see that firms’ SO2 emissions are only statistically
correlated with CO2 prices in the first and second quarter – the period in which they are required to fulfil emis-
sions debts from the preceding year (Table 3, Columns (5)-(6)).

3.2. Robustness checks

The results thus far point to a negative association between CO2 permit prices and firms’ SO2 emissions. While
we have controlled for all time-invariant firms’ characteristics and seasonal effects, the relationship observed
thus far may be driven by confounding factors or the model selection. As such, we implement a series of robust-
ness checks in this section to rule out these alternative explanations.

Here, we re-estimate Equation (1) using non-ETS firms in Shanghai. While these firms are also located in
Shanghai, they are not subjected to ETS regulations. As such, we would not expect their emissions to be
affected by CO2 permit prices unless the earlier relationship we observed was confounded by Shanghai-
wide time-varying conditions that are also correlated with emissions prices. Our estimation shows that non-
ETS firms’ emissions do not have any discernible relationships with CO2 price, as the coefficients are not stat-
istically significant (Table S2, Column (1)).

One limitation of the robustness check using non-ETS firms is that there are only seven smokestacks in the
dataset that are not covered by the Shanghai ETS. As such, we conduct another falsification test by examining
the influence of Shanghai CO2 prices on the SO2 emissions of industrial firms in the city of Ningbo (about 200
km from Shanghai in the neighbouring province of Zhejiang). While there are other cities that are geographi-
cally closer to Shanghai, Ningbo is arguably more similar to Shanghai in terms of GDP per capita, gross industrial
output and SO2 emissions, and geographical landscape (both are coastal cities). Since firms in Ningbo do not
participate in Shanghai’s ETS, any associations between their emissions and CO2 prices would suggest that the
results we observed earlier were driven by region-wide factors. As expected, the results show that Shanghai’s
CO2 prices have no significant influence on the firms’ SO2 emissions in Ningbo (Table S2, Column (2)). Taken
together, these two falsification checks allow us to rule out the explanation that baseline estimates were
driven by confounding variables that are correlated with CO2 prices.

We can also reason that there is a simultaneous relationship in which CO2 prices are affected by firms’ pro-
duction decisions. For instance, firms may purchase more permits (thus driving up ETS prices) if they anticipate
increased production. This is unlikely to be a source of concern here, as our analyses are conducted at the smo-
kestack level, where any individual smokestack would not have sufficient market power to affect CO2 prices.
However, if this simultaneous relationship exists where firms collectively bid up CO2 prices as they increase pro-
duction (and thus SO2 emissions), it would tend b in a positive direction and bias our findings downward. To
test whether this simultaneous relationship exists, we estimate Equation (1) by using forward CO2 prices. We
can see in Figure S1 that there is no positive relationship between SO2 emissions and forward or lead CO2

prices, suggesting that reverse causality is unlikely (see SM).
We then also relax several modelling assumptions used in the baseline analysis. The results show that the

standard errors are currently clustered at the smokestack level. Smokestacks are the obvious candidate, as
weekly emissions are likely to be correlated over time for the same smokestack (Liang & Zeger, 1986).
However, one could also reason that emissions over all smokestacks in any week are correlated. As such, we
now cluster the standard errors by year-week. Table S2, Column (3) shows that statistical significance has
not changed as a result (see SM).

In addition, we also use current-week CO2 prices in the empirical analyses. However, it is also possible for
firms to make production decisions based on the earlier CO2 prices at which permits were purchased. To
this end, we re-estimate Equation (1) by replacing CO2 prices at time t with lagged prices from previous
weeks (up until t-5 or five weeks before current). The coefficients are collected and plotted in Figure 1. We
observe a decreasing trend in magnitude and statistical significance of the coefficients as prices are increasingly
lagged. These results corroborate our baseline findings, as it is intuitive that production decisions in the current
week are most affected by recent prices, with lagged prices having increasingly smaller influence. On the con-
trary, we would be concerned that the baseline results are spurious if a decreasing trend is not observed.8
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Finally, the dataset is currently aggregated to the weekly level, however, it is also plausible that firms’ man-
agers make production decisions on a monthly basis. In this regard, we further aggregate the dataset to the
monthly level so as to investigate whether the basic finding remains. Results in Table S2, Column (4) show
that CO2 prices still have a negative and statistically significant relationship with SO2 emissions, indicating
that the baseline results are not driven by the level of data aggregation (see SM).

4. Discussion and conclusions

4.1. Summary of findings

Like any price-based policy instrument, the purpose of an ETS is to increase firms’ production costs by establish-
ing a price for CO2 emissions. Firms are expected to react to the costs by: 1) reducing production; 2) improving
energy efficiency or using lower-CO2 intensive energy sources; and/or 3) investing in less carbon-intensive
plants or in technological innovations to reduce emission abatement costs in the long run. In turn, any of
these actions are expected to lead to a decrease in CO2 emissions and other co-emitted pollutants.

Recent studies evaluating China’s ETS have found evidence of reduced CO2 emissions (Tang et al., 2020;
Zhang et al., 2017; Zhang et al., 2019a; Zhang et al., 2019b). In this study, we contribute a different and impor-
tant dimension to the existing evidence base by investigating co-benefits: we apply ETS CO2 prices to a high-
frequency firm-level dataset of SO2 emissions and arrive at the following findings.

First, we find that the elasticity of CO2 permit price on SO2 emissions is around −0.13 in Shanghai; a 1%
increase in carbon price is associated with a 0.13% decrease in SO2 emissions. These findings are supported
by the inclusion of smokestack- and firm-fixed effects, and various time-trends that respectively control for
any time-invariant firm characteristics and seasonal patterns. These baseline results hold under multiple falsifi-
cation and robustness checks.

Second, compared to other industrial sectors, SO2 emissions of electricity and heating plants are less sensi-
tive to carbon prices. This is likely because electricity and heating plants provide essential and inelastic services;

Figure 1. Association between current Shanghai CO2 prices and ETS firms’ SO2 emissions at various lagged week.
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thus, plant managers have lower flexibility to cut production and abate emissions. Another plausible expla-
nation is that China had already implemented many policies to curb SO2 emissions in the electricity and
heating sector since the 1980s (Karplus et al., 2018; Yuan et al., 2013). Hence, these policies lessen the scope
for co-benefits, as electricity and heating plants have already minimized their SO2 emissions. While it was
also found in the EU ETS that the electricity sector did not achieve a decrease in CO2 emissions, this was
likely for a different reason, as there is a high degree of price pass-through due to electricity spot markets
(Abrell et al., 2011). That is, electricity plants in Europe sell their electricity supply to middlemen via auctions
on a daily basis (Fabra & Reguant, 2014). In turn, due to the inelastic demand for electricity and the lack of elec-
tricity suppliers in many EU countries, most of the costs of CO2 permits are passed on to consumers. In contrast,
Chinese electricity tariffs are strictly regulated by the government, making price pass-through a less likely
reason for the lack of reaction toward CO2 prices.

Third, we also find that the relationship between CO2 prices and SO2 emissions is more apparent from
January to June. One possible explanation for this is that Chinese ETSs are designed such that firms must
fulfil past-year CO2 emissions or sell excess permits by June of the next year, thus increasing their sensitivity
toward CO2 prices in the first two quarters.

4.2. Policy implications

Several research and policy implications arise from our findings. This is one of the first studies to use firm-level
emissions data to demonstrate that GHG mitigation policy delivers co-benefits in terms of reduced SO2 emis-
sions. Our findings corroborate emerging evidence on China’s ETS that carbon emissions are reduced by around
10-16% (Tang et al., 2020; Zhang et al., 2019a; Zhang et al., 2019b). In addition, we show that the ETS delivers
additional societal benefits in terms of reduced SO2 emissions. As we have quantified the price elasticity of SO2

emissions, our research framework has applications beyond the ETS and can be used to predict co-benefits for
other types of price instruments or policies, beyond the carbon tax.

Our findings also challenge the optimistic assumptions of previous studies, as we find that air quality co-
benefits are highly nuanced and varied according to time, sector types, and policy design. Taken together
with the first point, this implies that while the co-benefits of air quality improvement should be included in
the cost–benefit accounting of climate mitigation policies, the magnitude of co-benefits is highly dependent
on policy effectiveness, how policies are designed and implemented, and sectoral coverage. To use a recent
example, power utilities are scheduled as the first sector to be included under China’s nationwide ETS
(NDRC, 2017). Our results show that policymakers should not expect significant co-benefits in air quality
from this programme. However, our results suggest that extending the ETS (or other carbon pricing policies)
to ferrous metal industries will have larger potential to deliver co-benefits.

Finally, China has launched several ambitious climate initiatives in recent years, with the newest being to
achieve carbon neutrality by 2060 (Mallapaty, 2020). This is an especially challenging goal, as China is the
world’s largest GHG emitter. Moreover, preliminary estimates indicate that China will require around US$5 tril-
lion worth of investments (or about 30% of its 2019 GDP) to achieve carbon neutrality. In this regard, policies
such as the ETS are possible pathways to help attain carbon neutrality and policymakers should include co-
benefits into the cost–benefit ledger to help justify costly capital outlays. Similarly, our findings and approach
are not limited to Chinese settings, as policymakers worldwide also need to justify the cost of climate mitigation
by demonstrating the benefits of their actions (Karlsson et al., 2020).

4.3. Research limitations

While our findings are consistent across a variety of robustness checks, this study has the following limitations.
Due to data constraints, we only analyzed Shanghai, even though there are seven ETSs implemented across
China. A richer dataset of firm-level emissions in other ETSs would allow future research to examine in
greater detail how various policy features affect the effectiveness of such programmes. Additionally, while
this is one of the first studies to use firm-level emissions to examine the effects of ETS, a more complete analysis
could be conducted with additional information on firms’ CO2 trading behaviours. Lastly, China’s ETS is still in a
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nascent stage and is only implemented in seven cities. Similar to other studies that examined the effectiveness
of China’s ETS, the results found here could be due to firms transferring production to non-ETS cities. This is
especially true as many of the industrial firms included in the ETS operate in multiple cities across China.

Notes

1. For instance, suppose a city implements a carbon tax to reduce GHG emissions. The cost of administering the policy and the
impact of the tax fall directly on the city’s taxpayers and businesses. However, because GHGmitigation is a global public good
(Tavoni et al., 2011), the benefits of abatement of global climate change are shared worldwide.

2. While there are many different types of co-benefits (e.g., biodiversity, economic growth, soil and water quality), existing
studies have predominantly focused on co-benefits regarding air quality (Karlsson et al., 2020).

3. ‘China’s carbon trading scheme makes debut with 4.1 mln T in turnover’. Source. Last accessed: Nov 15, 2021.
4. Global Carbon Atlas (http://www.globalcarbonatlas.org/en/CO2-emissions), last accessed: Oct 25, 2021.
5. U.S. Energy Information Administration international information (https://www.eia.gov/beta/international/data/browser),

last accessed: Oct 25, 2021.
6. A list of major polluters can be found here: http://www.mee.gov.cn/gkml/hbb/bgt/201602/t20160204_329897.htm.
7. Online data sources are www.cneeex.com, www.chinatcx.com.cn, and www.tanpaifang.com.
8. There is a similar decreasing trend in coefficients even if we extend the number of lags to ten weeks. Results available upon

request.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

Financial support from the National Natural Science Foundation of China (grant no #72134006, #71603267) and Singapore Ministry
of Education - Singapore (start-up grant R603000237133) are gratefully acknowledged.

References

Abrell, J., Ndoye Faye, A., & Zachmann, G. (2011). Assessing the impact of the EU ETS using firm level data. Bruegel-Working Papers.
Borghesi, S., Crespi, F., D’Amato, A., Mazzanti, M., & Silvestri, F. (2015). Carbon abatement, sector heterogeneity and policy responses:

Evidence on induced eco innovations in the EU. Environmental Science & Policy, 54, 377–388. https://doi.org/10.1016/j.envsci.2015.
05.021

Cai, B., Bo, X., Zhang, L., Boyce, J. K., Zhang, Y., & Lei, Y. (2016). Gearing carbon trading towards environmental co-benefits in China:
Measurement model and policy implications. Global Environmental Change, 39, 275–284. https://doi.org/10.1016/j.gloenvcha.
2016.05.013

Chen, W., & Xu, R. (2010). Clean coal technology Development in China. Energy Policy, 38(5), 2123–2130. https://doi.org/10.1016/j.
enpol.2009.06.003

Cheng, B., Dai, H., Wang, P., Zhao, D., & Masui, T. (2015). Impacts of carbon trading scheme on air pollutant emissions in Guangdong
province of China. Energy for Sustainable Development, 27, 174–185. https://doi.org/10.1016/j.esd.2015.06.001

China Statistical Bureau. (2018). 2017 statistical yearbooks of various Chinese provinces.
Deaton, A. (2010). Understanding the mechanisms of economic development. The Journal of Economic Perspectives, 24(3), 3–16.

https://doi.org/10.1257/jep.24.3.3
Driscoll, C. T., Buonocore, J. J., Levy, J. I., Lambert, K. F., Burtraw, D., Reid, S. B., Fakhraei, H., & Schwartz, J. (2015). US power plant

carbon standards and clean air and health co-benefits. Nature Climate Change, 5(6), 535–540. https://doi.org/10.1038/
nclimate2598

Fabra, N., & Reguant, M. (2014). Pass-through of emissions costs in electricity markets. American Economic Review, 104(9), 2872–2899.
https://doi.org/10.1257/aer.104.9.2872

Gao, C., Yin, H., Ai, N., & Huang, Z. (2009). Historical analysis of SO2 pollution control policies in China. Environmental Management, 43
(3), 447–457. https://doi.org/10.1007/s00267-008-9252-x

Guo, Y., Gao, X., Zhu, T., Luo, L., & Zheng, Y. (2017). Chemical profiles of PM emitted from the iron and steel industry in northern China.
Atmospheric Environment, 150, 187–197. https://doi.org/10.1016/j.atmosenv.2016.11.055

IEA. (2016). Energy and air pollution. International Energy Agency (IEA).
IPCC. (2014). Climate Change 2014: Synthesis report. Contribution of working groups I, II and III to the fifth assessment report of the

Intergovernmental Panel on Climate Change. IPCC.

CLIMATE POLICY 11

http://www.globalcarbonatlas.org/en/CO2-emissions
https://www.eia.gov/beta/international/data/browser
http://www.mee.gov.cn/gkml/hbb/bgt/201602/t20160204_329897.htm
http://www.cneeex.com
http://www.chinatcx.com.cn
http://www.tanpaifang.com
https://doi.org/10.1016/j.envsci.2015.05.021
https://doi.org/10.1016/j.envsci.2015.05.021
https://doi.org/10.1016/j.gloenvcha.2016.05.013
https://doi.org/10.1016/j.gloenvcha.2016.05.013
https://doi.org/10.1016/j.enpol.2009.06.003
https://doi.org/10.1016/j.enpol.2009.06.003
https://doi.org/10.1016/j.esd.2015.06.001
https://doi.org/10.1257/jep.24.3.3
https://doi.org/10.1038/nclimate2598
https://doi.org/10.1038/nclimate2598
https://doi.org/10.1257/aer.104.9.2872
https://doi.org/10.1007/s00267-008-9252-x
https://doi.org/10.1016/j.atmosenv.2016.11.055


Jiang, P., Chen, Y., Geng, Y., Dong, W., Xue, B., Xu, B., & Li, W. (2013). Analysis of the co-benefits of climate change mitigation and air
pollution reduction in China. Journal of Cleaner Production, 58, 130–137. https://doi.org/10.1016/j.jclepro.2013.07.042

Karlsson, M., Alfredsson, E., & Westling, N. (2020). Climate policy co-benefits: A review. Climate Policy, 20(3), 292–316. https://doi.org/
10.1080/14693062.2020.1724070

Karplus, V. J., Zhang, S., & Almond, D. (2018). Quantifying coal power plant responses to tighter SO2 emissions standards in China.
Proceedings of the National Academy of Sciences, 115(27), 7004–7009. https://doi.org/10.1073/pnas.1800605115

Li, J., & Wang, X. (2011). Energy and climate policy in China’s twelfth five-year plan: A paradigm shift. Energy Policy, 41, 519–528.
https://doi.org/10.1016/j.enpol.2011.11.012

Li, L., Lei, Y., Pan, D., Yu, C., & Si, C. (2016). Economic evaluation of the air pollution effect on public health in China’s 74 cities.
SpringerPlus, 5(402), https://doi.org/10.1186/s40064-016-2024-9

Li, M., Zhang, D., Li, C. T., Mulvaney, K. M., Selin, N. E., & Karplus, V. J. (2018). Air quality co-benefits of carbon pricing in China. Nature
Climate Change, 8(5), 398–403. https://doi.org/10.1038/s41558-018-0241-7

Liang, K.-Y., & Zeger, S. L. (1986). Longitudinal data analysis using generalized linear models. Biometrika, 73(1), 13–22. https://doi.org/
10.1093/biomet/73.1.13

Mallapaty, S. (2020). How China could be carbon neutral by mid-century. Nature, 586(7830), 482–483. https://doi.org/10.1038/
d41586-020-02927-9

Martin, R., Muûls, M., & Wagner, U. J. (2016). The impact of the European Union emissions trading scheme on regulated firms: What is
the evidence after ten years? Review of Environmental Economics and Policy, 10(1), 129–148. https://doi.org/10.1093/reep/rev016

Nam, K. M., Waugh, C. J., Paltsev, S., Reilly, J. M., & Karplus, V. J. (2013). Carbon co-benefits of tighter SO2 and NOx regulations in China.
Global Environmental Change, 23(6), 1648–1661. https://doi.org/10.1016/j.gloenvcha.2013.09.003

NDRC. (2015). Enhanced actions on Climate Change: China’s intended nationally determined contributions (INDCs). Submitted to
UNFCCC: National Development and Reform Commission, China.

NDRC. (2017). Establishment plan of National emission trading market for power sector (Vol. December). National Development and
Reform Commission, China.

Nejat, P., Jomehzadeh, F., Mahdi, M., & Gohari, M. (2015). A Global Review of Energy consumption, CO2 emissions and policy in the
residential sector (With An overview of the Top Ten CO2 emitting countries). Renewable and Sustainable Energy Reviews, 43, 843–
862. https://doi.org/10.1016/j.rser.2014.11.066

Nemet, G. F., Holloway, T., & Meier, P. (2010). Implications of incorporating Air-quality Co-benefits into Climate Change policymaking.
Environmental Research Letters, 5(1), https://doi.org/10.1088/1748-9326/5/1/014007

Perera, F. (2017). Pollution from fossil-fuel combustion is the leading Environmental threat to Global pediatric health and equity:
Solutions exist. International Journal of Environmental Research and Public Health, 15(1), https://doi.org/10.3390/ijerph15010016

Quéré, C. L., Andrew, R. M., Friedlingstein, P., Sitch, S., Hauck, J., Pongratz, J., Pickers, P. A., Korsbakken, J. I., Peters, G. P., Canadell, J. G.,
& Arneth, A. (2018). Global carbon budget 2018. Earth System Science Data, 10(4), 2141–2194. https://doi.org/10.5194/essd-10-
2141-2018

Schreurs, M. A. (2016). The Paris climate Agreement and the three largest emitters: China, the United States, and the European Union.
Politics and Governance, 4(3), 219–223. https://doi.org/10.17645/pag.v4i3.666

Somanathan, E., Sterner, T., Sugiyama, T., Chimanikire, D., Dubash, N. K., Essandoh-Yeddu, J. K., Fifita, S., Goulder, L., Jaffe, A.,
Labandeira, X., & Managi, S. (2014). National and sub-national policies and institutions. In O. Edenhofer, R. Pichs-Madruga, Y.
Sokona, E. Farahani, S. Kadner, K. Seyboth, A. Adler, I. Baum, S. Brunner, P. Eickemeier, B. Kriemann, J. Savolainen, S. Schlömer,
C. von Stechow, T. Zwickel, & J. C. Minx (Eds.), Climate Change 2014: Mitigation of Climate Change. Contribution of Working
group III to the fifth assessment report of the Intergovernmental Panel on Climate Change (pp. 1141–1151). Cambridge University
Press.

Swartz, J. (2013). A User Guide to Emissions Trading in China: International Emissions Trading Association (IETA).
Tang, K., Liu, Y., Zhou, D., & Qiu, Y. (2020). Urban carbon emission intensity under emission trading system in a developing economy:

Evidence from 273 Chinese cities. Environmental Science and Pollution Research, 1–12. https://doi.org/10.1007/s11356-020-10785-
1

Tan-Soo, J.-S., Zhang, X.-B., Qin, P., & Xie, L. (2019). Using electricity prices to curb industrial pollution. Journal of Environmental
Management, 248, 109252. https://doi.org/10.1016/j.jenvman.2019.07.023

Tavoni, A., Dannenberg, A., Kallis, G., & Löschel, A. (2011). Inequality, communication, and the avoidance of disastrous climate change
in a public goods game. Proceedings of the National Academy of Sciences, 108(29), 11825–11829. https://doi.org/10.1073/pnas.
1102493108

Thompson, T. M., Rausch, S., Saari, R. K., & Selin, N. E. (2014). A systems approach to evaluating the Air quality Co-benefits of US
carbon policies. Nature Climate Change, 4(10), 917–923. https://doi.org/10.1038/nclimate2342

West, J. J., Smith, S. J., Silva, R. A., Naik, V., Zhang, Y., & Adelman, Z. (2013). Co-benefits of global greenhouse gas mitigation for future
air auality and human health. Nature Climate Change, 3(10), 885–889. https://doi.org/10.1038/nclimate2009

Woollacott, J. (2018). The Economic costs and Co-benefits of carbon taxation: A general equilibrium assessment. Climate Change
Economics, 09(01), 1840006. https://doi.org/10.1142/S2010007818400067

World Bank. (2020). State and Trends of Carbon Pricing 2020. Retrieved from Washington, DC.
Wu, L., Qian, H., & Li, J. (2014). Advancing the experiment to reality: Perspectives on Shanghai pilot carbon emissions trading scheme.

Energy Policy, 75, 22–30. https://doi.org/10.1016/j.enpol.2014.04.022

12 J.-S. TAN-SOO ET AL.

https://doi.org/10.1016/j.jclepro.2013.07.042
https://doi.org/10.1080/14693062.2020.1724070
https://doi.org/10.1080/14693062.2020.1724070
https://doi.org/10.1073/pnas.1800605115
https://doi.org/10.1016/j.enpol.2011.11.012
https://doi.org/10.1186/s40064-016-2024-9
https://doi.org/10.1038/s41558-018-0241-7
https://doi.org/10.1093/biomet/73.1.13
https://doi.org/10.1093/biomet/73.1.13
https://doi.org/10.1038/d41586-020-02927-9
https://doi.org/10.1038/d41586-020-02927-9
https://doi.org/10.1093/reep/rev016
https://doi.org/10.1016/j.gloenvcha.2013.09.003
https://doi.org/10.1016/j.rser.2014.11.066
https://doi.org/10.1088/1748-9326/5/1/014007
https://doi.org/10.3390/ijerph15010016
https://doi.org/10.5194/essd-10-2141-2018
https://doi.org/10.5194/essd-10-2141-2018
https://doi.org/10.17645/pag.v4i3.666
https://doi.org/10.1007/s11356-020-10785-1
https://doi.org/10.1007/s11356-020-10785-1
https://doi.org/10.1016/j.jenvman.2019.07.023
https://doi.org/10.1073/pnas.1102493108
https://doi.org/10.1073/pnas.1102493108
https://doi.org/10.1038/nclimate2342
https://doi.org/10.1038/nclimate2009
https://doi.org/10.1142/S2010007818400067
https://doi.org/10.1016/j.enpol.2014.04.022


Wu, R., Dai, H., Geng, Y., Xie, Y., Masui, T., & Tian, X. (2016). Achieving China’s INDC through carbon cap-and-trade: Insights from
Shanghai. Applied Energy, 184, 1114–1122. https://doi.org/10.1016/j.apenergy.2016.06.011

Xu, D., & Liu, Y. (2018). Understanding China’s overcapacity. Springer, Singapore.
Yang, H., Tao, W., Liu, Y., Qiu, M., Liu, J., Jiang, K., Yi, K., Xiao, Y., & Tao, S. (2019). The contribution of the Beijing, Tianjin and hebei

region’s iron and steel industry to local air pollution in winter. Environmental Pollution, 245, 1095–1106. https://doi.org/10.1016/j.
envpol.2018.11.088

Yuan, X., Mi, M., Mu, R., & Zuo, J. (2013). Strategic route Map of sulphur dioxide reduction in China. Energy Policy, 60, 844–851. https://
doi.org/10.1016/j.enpol.2013.05.072

Zhang, H., Duan, M., & Deng, Z. (2019a). Have China’s pilot emissions trading schemes promoted carbon emission reductions?–the
evidence from industrial sub-sectors at the provincial level. Journal of Cleaner Production, 234, 912–924. https://doi.org/10.1016/j.
jclepro.2019.06.247

Zhang, W., Zhang, N., & Yu, Y. (2019b). Carbon mitigation effects and potential cost savings from carbon emissions trading in China’s
regional industry. Technological Forecasting and Social Change, 141, 1–11. https://doi.org/10.1016/j.techfore.2018.12.014

Zhang, Y.-J., Peng, Y.-L., Ma, C.-Q., & Shen, B. (2017). Can environmental innovation facilitate carbon emissions reduction? Evidence
from China. Energy Policy, 100, 18–28. https://doi.org/10.1016/j.enpol.2016.10.005

Zhou, F., Bo, Y., Ciais, P., Dumas, P., Tang, Q., Wang, X., Liu, J., Zheng, C., Polcher, J., Yin, Z., & Guimberteau, M. (2020a). Deceleration of
China’s human water use and its key drivers. Proceedings of the National Academy of Sciences, 117(14), 7702–7711. https://doi.org/
10.1073/pnas.1909902117

Zhou, Y., Jiang, J., Ye, B., Zhang, Y., & Yan, J. (2020b). Addressing climate change through a market mechanism: A comparative study
of the pilot emission trading schemes in China. Environmental Geochemistry and Health, 42(3), 745–767. https://doi.org/10.1007/
s10653-019-00258-x

CLIMATE POLICY 13

https://doi.org/10.1016/j.apenergy.2016.06.011
https://doi.org/10.1016/j.envpol.2018.11.088
https://doi.org/10.1016/j.envpol.2018.11.088
https://doi.org/10.1016/j.enpol.2013.05.072
https://doi.org/10.1016/j.enpol.2013.05.072
https://doi.org/10.1016/j.jclepro.2019.06.247
https://doi.org/10.1016/j.jclepro.2019.06.247
https://doi.org/10.1016/j.techfore.2018.12.014
https://doi.org/10.1016/j.enpol.2016.10.005
https://doi.org/10.1073/pnas.1909902117
https://doi.org/10.1073/pnas.1909902117
https://doi.org/10.1007/s10653-019-00258-x
https://doi.org/10.1007/s10653-019-00258-x

	Abstract
	1. Introduction
	1.1. Background on China’s emissions trading schemes
	1.2. Literature review

	2. Method and data
	2.1. Empirical model
	2.2. Data

	3. Results
	3.1. Relationship between Shanghai CO2 prices and SO2 emissions
	3.2. Robustness checks

	4. Discussion and conclusions
	4.1. Summary of findings
	4.2. Policy implications
	4.3. Research limitations

	Notes
	Disclosure statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


