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ABSTRACT

This study analyzes the management of wastewater pollutants in a number of Chinese industrial sectors from 1998 to
2010. We use decomposition analysis to calculate changes in wastewater pollutant emissions that result from cleaner
production processes, end-of-pipe treatment, structural changes in industry, and changes in the scale of production. We
focus on one indicator of water quality and three pollutants: chemical oxygen demand (COD), petroleum, cyanide, and
volatile phenols. We find that until 2002, COD emissions were mainly reduced through end-of-pipe treatments. Cleaner
production processes didn’t begin contributing to COD emissions reductions until the introduction of a 2003 law that
enforced their implementation. Petroleum emissions were primarily lowered through cleaner production mechanisms,
which have the added benefit of reducing the input cost of intermediate petroleum. Diverse and effective pollution
abatement strategies for cyanide and volatile phenols are emerging among industries in China. It will be important for
the government to consider differences between industries should they choose to regulate the emissions of specific

chemical substances.
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1. Introduction

Through industrialization, China’s economy has grown
and developed dramatically. However, many environ-
mental problems from industrial pollution have increased
in China as a result of this development [1]. Environ-
mental problems have serious consequences in China,
particularly in northern regions, where water pollution is
exacerbating existing water shortages [2]. In order to
mitigate the increasing levels of water pollution, the
Chinese government has begun to enforce more stringent
environmental regulations and has introduced a levy sys-
tem to promote wastewater management in different
Chinese industrial sectors (see Appendix 1). According
to Shao [3], the Chinese government has enacted more
than 130 policies related to environmental protection
since 1979. These policies were intended to alleviate the
deterioration of aquatic habitats and to improve surface
water quality.

Improving the quality of industrial wastewater is a
high-priority goal of the Chinese government. In China’s
ninth five-year plan, the government enforced strong en-
vironmental policies in order to decrease industrial pollu-
tion. From 1997 to 2000, China forced more than 80,000
small enterprises in 15 heavily polluting industries to
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shut down or eliminate production lines [4]. Additionally,
the government promoted the use of more environmen-
tally sensitive production equipment. As a result of these
active environmental policies, the quality of industrial
wastewater improved dramatically in the late 1990s (see
Figure 1).

Figure 1 shows how chemical oxygen demand (COD)
emissions per sale decreased by 95% between the years
1998 and 2010. Emissions of petroleum, cyanide, and
volatile phenols per sale also decreased by more than
90% in this period.

How have different Chinese industrial sectors success-
fully improved the quality of their wastewater? It is clear
that different levels of pollution in wastewater are asso-
ciated with different industrial sectors. These differences
stem from variation in industrial characteristics between
sectors, including variation in intermediate material in-
puts and production processes (see Table 1). Addition-
ally, the availability of wastewater pollution abatement
technology and the cost of abatement differ among in-
dustrial sectors.

In Table 1, we can see that the pulp and paper industry
generates highly contaminated wastewater. As a result,
the ninth five-year plan prioritized improved wastewater
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Figure 1. Changes in emissions of industrial wastewater pollutants. (Source: China environmental yearbook, 2011). “COD:
1000 tons, petroleum: 10 tons, cyanide: 10 tons, volatile phenol: 10 tons (Bar chart, left axis); COD/sale, petroleum/sale, and
cyanide/sale show changes in ratios, standardized by 1998 values (line chart, right axis).

Table 1. Characteristics of industrial wastewater pollution by industrial sector, 2010.

Industry type COD emissions COD per sale Wastewater treatment capacity Wastewater treatment cost
(tons) [tons/yuan] (10,000 tons/day) (100 million yuan/year)
Industrial sector 3,656,351 5.23 24,762 545
Mining 183,678 4.09 3203 48
Food 842,960 13.76 1548 43
Textiles 393,380 9.63 1269 48
Pulp and paper 953,800 91.41 2553 65
Oil refining 81,719 2.79 356 37
Chemical 446,907 9.33 3116 65
Medicine 108,353 9.23 159 13
Chemical fiber 125,048 25.24 177 8
Rubber and plastic 15,319 0.77 77 2
Cement 31,162 0.97 425 10
Steel 106,492 2.05 9,298 96
Non-ferrous metal 29,628 1.05 428 20
Metal 25,307 1.26 181 14
Machinery 124,335 0.59 570 35
Electricity 83,006 2.05 1321 33

Source: China environmental yearbook, 2011.

treatment in the pulp and paper industry; the plan was
particularly concerned with reducing COD emissions.
The rubber and plastic, machinery industries are associ-
ated with lower levels of wastewater pollution, demon-
strating how the intensity of industrial wastewater pollu-
tion depends on industry-specific characteristics. The
steel industry has a tremendous capacity for wastewater
treatment and accounts for approximately 40% of total
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industrial wastewater management. Treatment costs are
expensive in the steel and chemical industries. Under-
standing differences in these industrial characteristics is
important to identifying why and how wastewater treat-
ment has been successfully implemented in China.

In this section, we discuss the different types of envi-
ronmental management utilized in China’s industrial
sectors. Generally, environmental management can be
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divided into two major approaches: end-of-pipe (EOP)
treatment and cleaner production (CP) [5].

The EOP approach removes pollutants from wastewa-
ter using “filters” installed on wastewater treatment
equipment or drains. Removal of pollutants occurs dur-
ing the final stages of production. The EOP approach can
effectively reduce emissions immediately after the proper
equipment is installed. However, the EOP approach has
several drawbacks. For instance, the EOP approach can
cause secondary environmental pollution problems, such
as the generation of sludge waste during wastewater
treatment. Furthermore, the EOP approach requires a
significant upfront investment in equipment and ongoing
operational costs that can be prohibitively expensive.

The CP approach is defined as “the continuous appli-
cation of an integrated preventive environmental strategy
to processes, products, and services to increase overall
efficiency, and reduce risks to humans and the environ-
ment” [6]. While the CP approach also requires an in-
vestment in equipment, operational costs are not as ex-
pensive as an EOP approach. This difference in cost is
because CP equipment does not require filters and ab-
sorbent materials to remove pollutants [7]. Furthermore,
because an improved production process can save on
intermediate material, cost reduction is another benefit of
the CP approach [8].

However, it is impossible for manufacturing compa-
nies to remove all environmental pollution by applying
only a CP approach. In short, companies need to balance
an EOP approach with a CP approach in order to meet
high environmental standards and company goals [9].

2. Literature Review and Objective

There are a number of previous studies in the literature
that focus on the issue of Chinese industrial wastewater.
Wang [9] studied the Chinese levy system, estimating the
elasticity of operational costs and new investment, given
pollution charges in China. His estimations applied an
econometrics model to emissions data on COD and total
suspended solids (TSS). The study concluded that the
Chinese pollution tax system provided a strong, positive
incentive for large and medium-size industrial polluters
to invest heavily in abatement technologies.

Wang & Wheeler [10] also studied the effects of the
levy system in China. These authors used COD and TSS
data from 3000 Chinese factories for estimation. The
primary finding from this study was that the levy system
had a much greater impact on the production process
than on end-of-pipe abatement. Wang & Wheeler (2005)
also demonstrated that all of their estimation results were
affected by sectoral dummy variables, used to reflect the
impact of differences in material inputs and process
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technology on abatement cost.

Zhang et al. [11] utilized simulation models to fore-
cast wastewater pollutants in the Chinese pulp industry.
They applied a linear optimization program to pollutant
data on COD emissions in order to run simulations. The
model generated and analyzed technology prospects for
controlling COD emissions in different scenarios in 2010,
2020, and 2030.

Several previous studies focused on regional environ-
mental policy. Geng et al. [12] studied an initiative pro-
moting cleaner production in Liaoning province, China.
The authors concluded that the increased political com-
mitment of the provincial government in Liaoning even-
tually led to the official adoption of cleaner production as
a long-term development strategy. Diao et al. [13] fo-
cused on the relationship between economic growth and
environmental quality in Jiaxing, Zhejiang, China. In this
study, the authors applied the environmental Kuznets
curve hypothesis. The authors’ main finding was that the
amount of industrial wastewater discharge would be al-
leviated with economic growth in Jiaxing, China.

As we described above, there have been many studies
focusing on the wastewater pollution problem in different
Chinese industrial sectors. However, there are no existing
studies that analyze the management of industrial waste-
water pollutants based on both the type of business gene-
rating the pollutants and the type of pollutants them-
selves. Technical difficulties associated with reducing the
emissions of wastewater pollutants differ by industry and
pollutant type. It is clear that the capital costs (equipment)
and abatement costs associated with reducing wastewater
pollutants differ by industry. This is because chemical
products consumed as intermediate materials differ by
industry. Thus, it is important for analyses to consider a
range of industrial characteristics. The objective of this
study is to explore how Chinese industrial sectors re-
duced their emissions of wastewater pollutants from
1998 to 2010. This study focuses on pollution reduction
through end-of pipe treatment, cleaner production, struc-
tural changes in industry, and changes in the scale of
production.

3. Data

We use four wastewater pollutant variables in this study:
1) COD; 2) petroleum; 3) cyanide and 4) volatile hy-
droxybenzene (volatile phenol). Reduction of these four
pollutants is a high priority in the ninth and tenth Chi-
nese five-year plans. These pollutants are also important
indicators of overall wastewater quality. Furthermore,
these four pollutants are involved in the Chinese levy
system.

COD is a measure of the capacity of water to consume
oxygen during the decomposition of organic matter and
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the oxidation of inorganic chemicals, such as ammonia
and nitrite. COD is used to evaluate the quality of waste-
water, marine water, and lake water. We can apply de-
composition analysis to COD data in order to evaluate
overall wastewater quality.

We also focus on three specific toxic chemical sub-
stances: petroleum, cyanide, and volatile phenol. Petro-
leum represents the amount of petroleum substances
emitted in industrial wastewater. Petroleum emissions
result from the use of intermediate oil products in pro-
duction. Oil products are widely used in many industrial
sectors. Therefore, we can compare results from a range
of industries in order to identify differences in industrial
wastewater treatment between sectors.

Cyanide includes several toxic chemical substances,
such as hydrogen cyanide, kalium cyanide, cyanide so-
dium, calcium cyanide, vinyl cyanide, and cyanogen
chloride. These toxic chemical substances are generated
by chemical reactions during the use of intermediate
chemical substances. Cyanide is primarily emitted in
processes used to produce chemical materials and cya-
niding. Cyanide is highly toxic to humans and aquatic
organisms.

Volatile phenols include benzene, xylene, and toluene,
all of which are common toxic chemicals in industrial
wastewater. These chemical substances are also the ma-
jor intermediate chemical constituents of solvents and
paints. Most volatile phenol substances are generated in
oil refining, chemical, and steel industries. The amount
of cyanide and volatile phenol emissions depends on pro-
duction processes and intermediate product usage. There-
fore, we consider these characteristics in our discussion
of results from cyanide and volatile phenol testing.

We used total revenue data deflated to 2010 dollars
as our measure of economic performance (Y). Pollutant
data was obtained from the China Environmental Year-
book (CEY) and the China Environmental Statistics
Database. Data from these sources cover the thirteen-
year period between 1998 and 2010, a period in which
Chinese industrial sectors significantly reduced waste-
water pollution (see Figure 1). This paper focuses on
the following fifteen industrial sectors: 1) mining; 2)
food, beverage, and tobacco (Food); 3) textiles; 4) paper,
pulp, and printing (Paper and pulp); 5) coal and oil re-
fining (Oil refining); 6) chemical and petrochemical
(Chemical); 7) medicine; 8) chemical fiber; 9) rubber
and plastic; 10) non-mineral materials; 11) smelting and
pressing of iron and steel (steel); 12) smelting and
pressing of non-ferrous metals (non-ferrous metal); 13)
smelting and pressing of metal (metal); 14) machinery;
and 15) the electricity industry. We also used data on
total industry activity (Industrial sector) to understand
overall trends in pollutant emissions and treatment. The
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fifteen industries included in this study account for the
vast majority of wastewater pollutant emissions in Chi-
nese industry in 2010, including COD (97% of total
emissions), petroleum (99%), cyanide (99%), and vola-
tile phenols (99%).

This study uses two variables to represent wastewater
pollutant data. The first is the total release of pollution
(E). The second is total pollution abatement (R). Here,
we create one additional variable, representing the total
amount of pollution initially generated (G). G is defined
as“G=E+R".

4. Model

There are a number of previous studies that use decom-
position analysis as an analytical framework. Most of
these studies focus on either energy consumption or CO2
emissions. In decomposition analysis studies, the inde-
pendence of variables is important because interrelation-
ships make interpretation of results difficult. However,
identifying interrelationships can be valuable in waste-
water pollutant management applications. This is because
emissions of toxic chemical substances are usually man-
aged through a balance of EOP and CP strategies. In this
case, CP strategies actually determine the level of EOP
treatment possible. This is because the amount of pollu-
tion available for abatement through EOP treatment de-
pends on how much pollution was initially generated, an
amount which can be reduced by CP treatments. There-
fore, we must consider potential interrelationships be-
tween EOP treatments and the CP approach. To consider
these problems, we propose a new decomposition appli-
cation that is appropriate for wastewater pollutant man-
agement.

We apply a decomposition technique, referred to as the
logarithmic mean Divisia index (LMDI), to changes in
pollutant emissions; this technique was developed by
Ang & Liu [14]. The LMDI is an index approach and has
primarily been applied to energy studies [15]. Recently, a
decomposition framework was applied to chemical pol-
lution issues [16,17]. Ang [18] noted that LMDI is the
preferred method for decomposition analysis because of
its theoretical foundation, adaptability, ease of use and
interpretation, and lack of a residual term. This residual
term is generated by Laspeyres-type methodologies.

To decompose changes in pollutant emissions in in-
dustrial wastewater, we use four indicators: 1) end-of-
pipe treatment (EOP); 2) a cleaner production approach
(CP); 3) structural changes in industry (STRCH) and 4)
changes in the scale of production (SCALE). We define
the CP indicator as Gy/Y;, which gives wastewater pol-
lutant generation per gross output in sector j. This indi-
cator will decrease if, while maintaining the same vo-
lume of production, the level of wastewater pollutants
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generated is reduced. This reduction can be achieved
through improved production processes and product de-
signs that limit industrial wastewater pollution.

Next, the EOP indicator is defined as Ej/G;j, which
gives the ratio of wastewater pollutant emissions to total
generation in sector j. This indicator will decrease if the
level of pollutants removed from wastewater increases as
compared to total wastewater pollutant generation. Be-
cause the removal of pollution can be achieved through
end-of-pipe treatment, we can understand the E;j/G; indi-
cator as a reflection of end-of-pipe treatment.

The STRCH indicator is defined as Yj/ZjY;. This indi-
cator reflects the relative degree to which wastewater
pollution depends on production output in sector j. Be-
cause emissions of industrial wastewater pollutants
strongly depend on the scale of production in the pollut-
ing sector, changes to industrial structures are an impor-
tant determinant of changes in wastewater pollutant
emissions in the time series data. The STRCH indicator
represents the share of total industrial production that can
attributed to sector j.

Finally, the SCALE indicator shows changes in the
volume of production. This study had difficulty obtaining
data on production volumes for different types of prod-
ucts. Therefore, total revenue (deflated to 2010 dollars) is
used to represent production volume. Generally, the vol-
ume of pollutants in wastewater depends on the amount
of intermediate chemical material inputs used in produc-
tion processes. It is these inputs that are responsible for
polluting industrial wastewater. Therefore, the scale of
production is one determinant of wastewater pollutant
emissions. Here, the total volume of wastewater pollut-
ants released (E) in sector j is decomposed as Equation
(1).

E j G, Y,
555V ZY 2 (1

We consider changes in emissions from t — 1 years
(E"™) to t years (E'). By using Equation (1), the growth
ratio of emissions can be represented as follows.

E' EOP' y CP! N STRCH' N SCALE'
E"" EOP"' CP"' STRCH"' SCALE"'

2

Equation (3) results from transforming Equation (2)
into a natural logarithmic function'.

t t
In E; —In E;_l = ln( EEOOPF:" j+ ln((?pF:—‘ j

In ( STRCH' ) +1n( SCALE! )
STRCH'"' SCALE'"
'Because of the properties of logarithmic functions, zero values in the
dataset can cause problems in formulating decompositions. In order to

solve this problem, the literature on the LMDI recommends replacing
zero values with small positive numbers [19].
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Multiplying both sides of Equation (3) by
a) = (Et Et ')/(ln E; —In E;" ) , we obtain Equation (4)
as follows

t t
E —E\ = AEW = o} 1n( EOP_ j+ o ln( cP j
EOP P

+ a)i In (—STRCH;] j-i— ot In (—SCALE:I )
STRCH ] \SCALE
Therefore, changes in the wastewater pollution emis-
sions in sector j (AE;) can be decomposed as changes in
EOP (the first term), CP (the second term), STRCH (the
third term), and PSC (the fourth term). The term a);

operates as additive weight estimated within the LMDI
framework.

5. Result and Discussion

A Tables 2-5 and Figures 2-5 display the cumulative
change in wastewater pollutant emissions and the ratio
calculated by the LMDI model. A positive score indi-
cates an increase in emissions, whereas a negative score
represents a decrease in emissions. The line in Figures
2-5 shows the cumulative emissions change ratio. The
bars demonstrate the cumulative effect of each factor in
generating changes in emissions. Both bar charts and line
charts show emission change ratios compared to 1998
levels. If we compare the results in each figure, we can
distinguish how different wastewater pollutant treatments
impact different substances.

Each table shows the cumulative change in total emis-
sions and ratios for 1998-2010, organized by industry
and by chemical substance. AE represents emission
change from 1998 to 2010. AE/E'*® shows the emission
reduction ratio from 1998 to 2010 comparing with 1998
emission level. Summation of EOP, CP, STRCH, and
SCALE in table is equal to AE/E"*®,

5.1. COD Emissions

Figure 2 demonstrates that COD emissions monotoni-
cally decreased until 2003, despite production increasing
over this same period. Chinese industries succeeded in
reducing COD emissions by 54% between 1998 and
2010. This reduction can primarily be attributed to the
effects of EOP and CP treatments. However, EOP and
CP treatments were more effective at different times
within this period. COD emissions were primarily re-
duced by EOP and STRCH in the period between 1998
and 2002. CP treatments had a greater effect in the period
after 2003. Because of the severity of pollution in Chi-
nese rivers in the late 1990s, the government was in need
of an immediate strategy for reducing water pollution.
The Chinese government developed a set of new and

2t . t t
@ =0 if E/=E'".
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Table 2. COD emissions by industrial sector, 1998-2010.
AE (tons) AE/E"* (%) EOP (%) CP (%) STRCH (%) SCALE (%)
Industrial sector —4,377,346 —54% —74% —85% —21% 125%
Mining 4331 2% 5% —126% —56% 179%
Food —991,697 —54% =77% —83% -16% 123%
Textiles —195,700 —33% —100% -39% —44% 150%
Pulp and paper —2,738,812 —74% =77% —65% —29% 97%
Oil refining —28,766 —26% =74% =31% =57% 136%
Chemical -231,219 —34% —44% —146% 4% 152%
Medicine —100,949 —48% -111% =70% —17% 149%
Chemical fiber —9225 —7% -50% -98% —40% 182%
Rubber and plastic 78 1% —64% -107% -11% 182%
Non-metallic mineral -10,271 -25% —-69% —195% 5% 234%
Steel =79,797 —43% -98% -115% 8% 162%
Non-ferrous metal 8266 39% —63% —271% 58% 314%
Metal 18,377 265% -143% -60% —49% 517%
Machinery 14,808 14% —48% -196% 49% 209%
Electricity, water, and gas —48,708 —37% —73% -171% 17% 190%
Table 3. Petroleum emissions by industrial sector.
AE (tons) AE/E™® (%) EOP (%) CP (%) STRCH (%) SCALE (%)
Industrial sector —40,857 -80% —41% -131% 3% 95%
Mining =7740 —85% =37% -98% —22% 72%
Food -1514 —81% 44% —229% -13% 118%
Textiles —1269 -90% -18% -99% -19% 46%
Pulp and paper —405 —66% 23% -182% -29% 122%
Oil refining —4064 =75% —42% —94% —45% 107%
Chemical —8395 —83% —50% —128% 1% 94%
Medicine -1722 —90% —58% —84% -1% 52%
Chemical fiber -368 —68% 37% —203% —20% 118%
Rubber and plastic =350 —89% 42% —218% -4% 91%
Non-metallic mineral -693 —81% —8% -163% —6% 96%
Steel —8121 —82% -107% -96% 10% 110%
Non-ferrous metal —348 —54% 18% —234% 24% 137%
Metal 45 18% —67% =73% —22% 179%
Machinery —4336 —74% —25% -163% 28% 85%
Electricity, water, and gas —1309 —76% 21% —230% 7% 126%
Copyright © 2013 SciRes. JEP
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Table 4. Cyanide emissions by industrial sector.

AE (tons) AE/EM® (%) EOP (%) CP (%) STRCH (%) SCALE (%)
Industrial sector —1527 —86% —80% —79% 2% 74%
Mining —-101 —96% —53% —106% —25% 88%
Food —-14 —62% =70% —80% -11% 100%
Textiles -3 -100% 283% —555% —89% 261%
Pulp and paper -2 -95% 1475% —1563% —317% 310%
Oil refining -21 —48% —80% —89% —84% 205%
Chemical —698 —89% =72% -92% 1% 74%
Medicine =5 —98% 238% —436% —62% 162%
Chemical fiber —4 —65% 172% -360% -39% 162%
Rubber and plastic —4 —100% —63% —46% 0% 9%
Non-metallic mineral -4 -70% —26% —144% —6% 106%
Steel —556 —94% -103% —51% 4% 56%
Non-ferrous metal -2 —73% 983% —1787% 96% 635%
Metal —34 —47% -175% 42% -15% 102%
Machinery 12 53% 35% —128% 30% 116%
Electricity, water, and gas =76 -97% —94% -53% 7% 43%
Table 5. Volatile phenol emissions by industrial sector.
AE (tons) AE/E™ (%) EOP (%) CP (%) STRCH (%) SCALE (%)

Industrial sector —12,155 —-91% —76% —48% —15% 48%
Mining —234 —46% -185% 73% =37% 103%
Food -1 -17% 0% =783% —256% 1023%
Textiles —4 —49% —186% —20% —85% 242%
Pulp and paper —2187 —98% —53% —58% —36% 50%
Oil refining —7431 -92% =76% =37% —14% 34%
Chemical -1214 -93% —78% —63% 1% 47%
Medicine -19 —44% —4% —215% -11% 187%
Chemical fiber -39 —96% —81% —89% 0% 74%
Rubber and plastic -0 —95% 10% —628% —44% 568%
Non-metallic mineral —-11 —60% —14% —138% —6% 98%
Steel =550 -92% -131% —54% 10% 83%
Non-ferrous metal -85 —94% —400% 230% 11% 65%
Metal 1 541% 1963% -1913% —56% 547%
Machinery —35 —90% 5% —176% 25% 55%
Electricity, water, and gas —265 —97% 144% —422% -11% 192%
Copyright © 2013 SciRes. JEP



Wastewater Pollution Abatement in China: A Comparative Study of Fifteen Industrial Sectors from 1998 to 2010 297
150%
100% 7. 7*2*
29 Y9 5 9 7
50% 7 7 7, 7/ 7
° 2 9 9 9 9% % 4 7
0% = Z Z
-50% — T [ = -
| =
~100% - | BN I S R
|
-150% - -T —
|
-200%
1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
[JCP [CJEOP MEESTRCH [FASCALE e===Emission change year
Figure 2. Decomposition analysis results for COD emissions across all industrial sectors.
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Figure 3. Decomposition analysis results for petroleum emissions across all industrial sectors.
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Figure 4. Decomposition analysis results for cyanide emissions across all industrial sectors.
revised environmental regulations for wastewater pollu- of reducing pollutants immediately.
tion as part of its ninth five-year plan (1996-2000). This Whereas top-down environmental policies were en-
top-down environmental policy strongly contributed to forced in the ninth five-year plan, project-based envi-
the closure of small, heavily polluting firms and encour- ronmental policies were a focus of the tenth five-year

aged the installation of EOP treatment equipment capable plan (2001-2005). In the tenth five-year plan, cleaner

Copyright © 2013 SciRes.
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Figure 5. Decomposition analysis results for volatile phenol emissions across all industrial sectors.

production activity was promoted as a strategy to reduce
COD emissions by two million tons. Additionally, the
government encouraged manufacturing firms to obtain
ISO 14000 certification as a way of taking a more proac-
tive approach to environmental management in produc-
tion processes. Furthermore, listed companies were re-
quired to submit environmental activity reports and en-
vironmental information reports. These new environ-
mental policies, which focused on the management and
monitoring of production processes, effectively reduced
industrial COD emissions over the course of the tenth
five-year plan.

Next, we consider our results by industry type. As
shown in Table 2, ten industries successfully reduced
their COD emissions between 1998 and 2010. During the
same period, five industries increased their COD emis-
sions. The metal industry experienced a particularly steep
increase in emissions. We found that EOP treatments
reduced COD emissions in all industries, particularly in
the textile, medicine, and metal industries. A CP ap-
proach was more effective in decreasing emissions from
non-metallic mineral, nonferrous metal, and machinery
industries. The paper and pulp industry dramatically de-
creased its COD emissions, accounting for 62% of total
industry emissions reductions. Both CP and EOP treat-
ments contributed to a reduction of COD emissions in the
paper and pulp industry.

Here, we focus on a law that began enforcing the use
of cleaner production processes in January 2003. To un-
derstand the effect of this environmental policy, we con-
ducted t-tests to investigate differences in the effects of
CP strategies before and after enforcement of the cleaner
production law began. From the t-test results, we found
that the effects of CP programs were significantly dif-
ferent in Chinese industries before and after 2003 (P > [t|
=0.037). Thus, the cleaner production law was one of the
catalysts for reducing COD emissions generated during
production processes in Chinese industries. PSC was
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positive in all industrial sectors and increased total in-
dustrial COD emissions by 125% between 1998 and
2010.

5.2. Petroleum Emissions

Next, we discuss our results pertaining to petroleum
emissions in China. In Figure 3, we can see that CP
strategies were primarily responsible for reducing petro-
leum discharges between 1998 and 2010. This is because
the international price of oil increased rapidly after 1998
due to reductions in crude oil production in OPEC and
non-OPEC countries. The oil price in China has been
linked to the international price of oil since 1998. This oil
price increase offered an incentive for manufacturing
firms to reduce inputs of petroleum products in order to
reduce production costs. Therefore, we attribute the ef-
fects of CP programs on petroleum emissions to the in-
fluence of the market, not to environmental policy.
Meanwhile, EOP treatments also contributed to emis-
sions reductions after 2000. PSC caused emissions to
increase monotonically after 1998.

Our next focus is on differences between industries.
Table 3 shows a significant reduction in petroleum emis-
sions from the mining, oil refining, chemical, steel, and
machinery industries. Petroleum emissions display a dif-
ferent trend than COD emissions (see Table 2). While
the effects of EOP treatments on COD emissions were
negative in all industries except the mining industry (see
Table 2), we observed a positive EOP effect on petro-
leum emissions in six industries in Table 3. However,
the effects of CP strategies on petroleum emissions were
negative, and of a smaller magnitude, than EOP effects in
all industries except for the steel industry. These results
indicate that petroleum emissions from all manufacturing
sectors except for the steel industry were impacted more
by CP treatments than by EOP treatments.

Another primary finding of this study was that there
was no statistical significant difference in the effects of
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CP strategies on petroleum emissions before and after
2003. Thus, the cleaner production law did not contribute
significantly to the management of petroleum emissions
in Chinese industrial production processes. These results
indicate that petroleum emissions in wastewater can be
reduced successfully by CP approaches because Chinese
industries can experience significant cost savings by re-
ducing inputs of intermediate petroleum products.

5.3. Cyanide and Volatile Phenol Emissions

Here, we consider our results pertaining to cyanide and
volatile phenol emissions in China. In Figure 4, we can
see that both EOP and CP treatments reduced cyanide
emissions between 1998 and 2010. 50% of cyanide
emissions reductions occurred between 1998 and 2000.
Figure 5 shows that until 2004, volatile phenol emissions
decreased monotonically due to EOP treatments. In-
creases in emissions between 2004 and 2005 were caused
by the coal and oil refining industry and the electricity
industry.

Next, we look at results organized by industry type.
The textile, paper and pulp, and non-ferrous metal indus-
tries display abnormal values in Table 4. This is because
the cyanide emissions from these industries are not asso-
ciated with specific industrial characteristics. All indus-
tries except the machinery industry successfully reduced
their cyanide emissions. Changes in cyanide emissions
from the chemical and steel industries accounted for 82%
of total changes in industrial cyanide emissions between
1998 and 2010. Industrial cyanide emissions were re-
duced by a total of 86% between 1998 and 2010; this is a
higher reduction than was achieved for COD and petro-
leum. The significant decrease in cyanide emissions was
due to the mining, chemical, steel, and electricity indus-
tries (the primary industrial cyanide emitters) decreasing
their emissions by more than 89%.

In Table 5, we find that all industries except the metal
industry successfully decreased their volatile phenol
emissions in China. Between 1998 and 2010, the paper,
oil, chemical, and steel industries achieved the largest
reductions. It is important to note that usage of volatile
phenols differs among industries. For example, the ma-
chinery industry primarily uses volatile phenols for paint-
ing and bonding, whereas the chemical industry uses
volatile phenols as both an intermediate product and for
solvents. Differences in the use of volatile phenols im-
pacts the type of emissions control required in a given
manufacturing sector.

6. Conclusions

This study analyzed how different Chinese industrial
sectors succeeded in reducing their emissions of waste-
water pollutants between 1998 and 2010. We focused on
the following four factors in emissions control: cleaner
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production, end-of-pipe treatment, structural changes in
industry, and changes in the scale of production. We
identified three key results as follows.

First, until 2002, Chinese industrial sectors primarily
reduced their COD emissions by end-of-pipe treatments.
In 2003, enforcement of a law promoting cleaner produc-
tion began and cleaner production strategies subse-
quently played a larger role in COD emissions reductions.
This law was found to be an environmental policy that
effectively promoted reductions in COD emissions through
cleaner production processes.

Second, petroleum emissions can be reduced through
cleaner production. This is because rising international
oil prices give the Chinese manufacturing sector an in-
centive to save on inputs of intermediate oil products.
Reductions in inputs of intermediate petroleum products
results in reductions of petroleum emissions from the
Chinese manufacturing sector. Cleaner production strate-
gies consistently contributed to reductions in petroleum
emissions. These contributions showed significant dif-
ferences before and after 2003.

Finally, our results pertaining to emissions of cyanide
and volatile phenols differ between industries. These
differences arise because cyanide and volatile phenols
are used in varying ways, depending upon industrial cha-
racteristics. Furthermore, differences in production pro-
cesses affect the options available for pollution manage-
ment. Therefore, the government needs to consider dif-
ferences in industrial characteristics between sectors
when regulating the emissions of specific chemicals.
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Appendix 1. A history of industrial wastewater regulation in China.
Year Environmental regulations and projects
-Establishment of a standard for discharges of industrial wastewater, waste gas, and solid waste (1973)
-Environmental Protection Law (trial in 1979)
-1986 -Regulation of the pollution levy (1982)
-Marine Environment Protection Law (1982, revised in 1999)
-Law on Prevention and Control of Water Pollution (1984, revised in 1996, 2008)
-The National Environmental Protection Agency was upgraded to an organization reporting directly to the state council (1988)
1986-1990  -Implementation of the law on Water Pollution Prevention and Control (1989)
-Environmental Protection Law (amended in 1989)
1991-1995 -The second national conference on the prevention and control of industrial pollution proposed the notion of “Three shifts” (1993)
. -China’s Agenda 21 (1994)
-The national ninth five-year plan for environmental protection (1996)
1996-2000  -NEPA was upgraded to the State Environmental Protection Administration, at a ministerial level (1998)
-Implementation of the People’s Republic of China’s law on water pollution prevention and control (2000)
-The State Environmental Protection Administration issued interim administrative measures to regulate discharge licenses for key
water pollutants in the Huai River and the Tai Lake Basin (2001)
2001-2005  -The national tenth five-year plan for environmental protection (2001)
-Law on the promotion of cleaner production (2003)
-SEPA issued measures for preventing and controlling environmental pollution from unused hazardous chemicals (2005)
-Eleventh five-year plan for the development of national water resources (2007)
2006-2010 -Implementation of a chemical oxygen demand emissions trading system (2007)

-Introduction of measures for sharing environmental information (2008)

-Circular economy promotion law (2008)
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