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Cement industry is both energy-intensive and pollution-intensive, imposing significant negative externalities on
sustainability. However, previous studies have not sufficiently focused on China's cement industry; thus, there is
a lack of information on efficiency and cost, limiting policy effectiveness. Using a directional-distance-function-
based model and firm-level data, this study measures the technical efficiency and shadow price of SO3 and PM in
China's cement industry from 1998 to 2010. In response to the debates on the selection of directional vector, this
is the first study that proposes a new directional vector determined via text analysis. We use the five-year plans as
a breakthrough point to construct a corpus, establish a lexicon, and introduce a text analysis in order to reveal the
policy preference, and finally, solve this directional vector. Through this improvement, we highlight the inherent
meanings of the directional vector and provide a new insight into the directional-distance-function-based
method. We solve this new directional vector to be (0.98, —0.13, —0.13), implying that the preference for
economic growth is significantly greater than that for environmental protection. The conditional median mar-
ginal abatement costs of SO, and PM are estimated to be 29,070 and 1374 yuan/ton, respectively. The annual
trends of technical efficiency and shadow price are depicted, and the heterogeneities of regions, provinces, cities,
and pollutants are revealed.

1. Introduction

Cement has long been an essential material supporting human civi-
lization development for >2000 years (Amato, 2013; Schneider et al.,
2011), contributing to infrastructure construction, economic growth,
and social development. Around 2020, the global human-made mass
may surpass all global living biomass for the first time, among which
buildings and infrastructure mainly composed of cement may reach
1100 Gt, accounting for the largest mass proportion (Elhacham et al.,
2020). However, it is also argued that the cement industry is energy-
intensive and pollution-intensive that imposes significant negative ex-
ternalities on sustainability. The cement industry accounts for 12-15%
of the world's industrial energy consumption. It emits a large number of
greenhouse gases (GHGs) and harmful air pollutants, including partic-
ulate matter (PM), sulfur dioxide (SO3), nitrogen oxides, and carbon
monoxide (Hua et al., 2016; Madlool et al., 2011). It has become the
largest emitter of PM and the third-largest source of SO, emissions in
China (Zhang et al., 2019).

As the largest cement producer and user since 1986, China's

expanding cement industry contributed significantly to industrializa-
tion, urbanization, and modernization (Lin and Zhang, 2016). However,
it necessitates increasingly intense energy conservation and emission
reduction. It is estimated that the cement industry used 6% of China's
coal and 4% of electricity, and contributed 4% of China's SO5 emissions
and 9% of PM emissions in 2015 (China Cement Association, 2001-
2014; Liu et al., 2021; National Bureau of Statistics, 1983-2021, 2021;
Shan et al., 2019). Although the government implemented numerous
command-and-control and market-based measures, some of these pol-
icies failed to reach the desired goal (Price et al., 2011; Yang et al.,
2017). This practical gap is partially due to the absence of firm infor-
mation, such as the abatement potential and abatement cost (Teng et al.,
2014). This information asymmetry between the regulated enterprises
and policy makers has affected policy effectiveness.

To solve these practical challenges, the academia has made consid-
erable efforts for assessing the environmental performance of the firms
when accounting for the undesirable by-product output associated with
the production process. Among the various modelling strategies, the
directional distance function (DDF) has gained considerable attention
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and has been applied in this field (Bostian et al., 2022; Fare et al., 2005;
Fare et al., 2012; Fare et al., 2006; Ma et al., 2019; Wang et al., 2020;
Zhou et al., 2014). The major merit of DDF is that it can achieve both the
expansion of desirable outputs and the reduction of undesirable outputs
simultaneously. It can estimate the technical efficiency (TE) and shadow
price that can serve as a reference for target setting, allowance alloca-
tion, and trading mechanism. However, because the estimation result is
sensitive to the directional vector, there is no consensus on the selection
of the directional vector yet. Consequently, most empirical studies
disregard the intrinsic practical meaning of the directional vector and
set it arbitrarily, thereby weakening the credibility of the results
significantly.

The empirical analysis to assess the environmental performance of
Chinese cement firms is relatively limited. Existing empirical studies
that applied the advanced DDF model considered mainly the Chinese
provinces (Du et al., 2015; Kaneko et al., 2010; Wang et al., 2019; Wei
etal., 2021; Xie et al., 2016; Xie et al., 2021; Zeng et al., 2018), cities (Ji
and Zhou, 2020; Wei, 2021; Yang et al., 2021; Yu and Zhang, 2021),
thermal power plants (Nakaishi, 2021; Wei et al., 2013; Wei and Zhang,
2020; Zhang et al., 2021b), iron and steel enterprises (Wang et al.,
2017), and others. Contrarily, the existing studies analyzing China's
cement industry mostly rely on bottom-up (Dinga and Wen, 2022;
Hasanbeigi et al., 2013; Zhang et al., 2021a) and top-down models (Pang
etal., 2014). To the best of our knowledge, the only related study is Yang
et al. (2017), wherein a non-parametric DDF approach was used to es-
timate the production and environmental performance of 54 cement
plants in the Sichuan Province and compare the changes before and after
the Great Sichuan Earthquake in 2008. However, such results do not
offer a generalized implication for the industry.

To address these practical needs and research gaps, we apply the
directional-distance-function-based model with a text-based directional
vector to the Chinese cement firms. We first establish a new directional
vector by applying text analysis to the government's five-year plans
(FYP) for 288 cities during 1998-2010. This text-based directional
vector of (0.98, —0.13, —0.13) is obtained, implying that the policy
makers give higher priority to economic growth than to environmental
protection. We apply this directional vector in the DDF model with two
primary undesirable outputs during cement production (that is, SOz and
PM). The spatiotemporal pattern of technical efficiency and marginal
abatement cost (MAC) for 2646 cement firms are also presented.

Compared with previous studies, our study affords two major con-
tributions. First, we develop the DDF model by deriving a new text-based
directional vector. Second, we apply this new DDF model with Chinese
cement firm-level data to quantify the performance. These efficiency
and cost information are vital because they can guide policy makers in
the identification of the benchmark and formulation of the targeting
policy at the micro level.

The remaining part of this paper is structured as follows: Section 2
introduces China's cement industry. Section 3 presents the methodology
and data. In Section 4, we derive the text-based directional vector.
Section 5 discusses the results. The last section presents the conclusion.

2. Development of China's cement industry

In 1949, there were only 35 cement plants in China, with a limited
output of 660 thousand tons, or equivalently 1.5 kg per capita. There-
after, China's cement industry has undergone tremendous development.
Fig. 1 shows the cement production from 1949 to 2020. In 1986, China's
cement output reached 166 million tons and accounted for 17% of the
world's production. By 1986, China's cement production capacity and
consumption have consistently ranked first globally. The cement output
in 2020 increased to 2395 million tons, approximately 3628 times
higher than that in 1949, and contributed to 57% of the world's pro-
duction (National Bureau of Statistics, 1983-2021). At present, there are
>3300 cement firms in China, 95 times that in 1949.

The expansion of the cement industry also leads to negative

Energy Economics 125 (2023) 106845

consequences (Shen et al., 2017).

The first challenge is overcapacity. Until 1995, China's cement
output caught up to the market demand and ended the 45-years cement
shortage. Since then, the exceeded production capacity necessitates
restructuring and quality improvement. In 1999, the central and local
governments reinforced efforts to eliminate outdated production pro-
cesses, develop new technologies, and promote the merger and
restructuring of enterprises. However, in response to the financial crisis
in 2008, the government launched the 4-trillion Yuan ($586-billion)
Economic Stimulus Plan, of which infrastructure investment was the
highest. This stimulus package enabled the recovery of the cement in-
dustry, with a large number of new cement production lines added to
meet the policy-driven new demand (Zheng et al., 2021).

Second, the cement industry is one of the most energy-intensive
sectors. Coal and electricity are the primary energy sources in cement
production, accounting for approximately 85% and 10%, respectively.
From 1996 to 2016, the coal and electricity consumption of China's
cement production show an average annual growth rate of 7% and 8%,
respectively. Considering 2016 as an example, the cement production
consumed 255.87 million tons and accounted for 7% of industrial coal
consumption and nearly 7% of China's total consumption. The electricity
consumption was 248.70 billion kWh, accounting for 6% of industrial
consumption and 4% of national consumption (China Cement Associa-
tion, 2001-2014; National Bureau of Statistics, 1983-2021; Shan et al.,
2019).

The third challenge is production-associated environmental pollu-
tion. The cement production process is usually associated with a large
amount of atmospheric pollutants, with PM emissions topping the list of
industrial sectors (Yang et al., 2013). As shown in Fig. 1, China's cement
industry emitted 2.11 million tons of PM5 5, 3.32 million tons of PM;,
and 0.43 million tons of SO3 in 1990. In 2015, the general PM emissions
from the cement industry declined to 1.38 million tons, but still
accounted for 11% of the industrial PM emissions and 9% of China's total
PM emissions. The SO emissions reached 0.66 million tons, accounting
for 4% of industrial emissions and approximately 4% of China's total
emissions (Liu et al., 2021; National Bureau of Statistics, 2021).

In response to these problems, the central government implemented
intensive policies. The timeline is as follows:

e In 1985, the Ministry of Ecology and Environment' first issued the
“Cement Industry Air Pollutant Emission Standard”, stipulating the
air pollutant emission limit and supervision requirements of cement
enterprises. Since then, it has been revised three times in 1996, 2004,
and 2013. In 2013, the “Cement Industry Pollution Prevention and
Control Technology Policy” was issued, proposing the technical
routes, principles, and methods that can be adopted for cement
pollution abatement.

e In 2006, eight ministries including the National Development and
Reform Commission clarified the development direction of cement
industry during the period of the 11th FYP (2006-2010), leading the
cement industry to accelerate industrial restructuring. Thereafter, 60
large-scale cement enterprises were also identified for government
support to vigorously develop the novel dry process cement
production.
In 2009, the State Council issued “Opinions on Restraining Over-
capacity and Duplicate Construction in Some Industries and Guiding
the Healthy Development of Industries,” strictly controlling the new
cement production capacity and eliminating the outdated capacity
by the same amount. Since then, in 2010 and 2013, the State Council
issued policies again, urging the elimination of outdated cement
capacity. In 2018, it was strictly prohibited to add production ca-
pacity in cement industry.

1 It was formerly known as the National Environmental Protection Agency.
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Fig. 1. Cement production and associated emissions.

Sources: The cement production data are collected from National Bureau of Statistics (1983-2021). The emission data are sourced from Liu et al. (2021).

e From the 6th FYP (1981-1985) to the 9th FYP (1996-2000), the
statements concerning cement still focused on increasing production
capacity and improving technology. Since the 10th FYP
(2001-2005), cement-related expressions have gradually shifted to
promoting new technologies and mergers and reorganizations,
reflecting the adjustment of government's priorities. Furthermore,
starting from the 10th FYP, there have been increasing expressions
on energy conservation and emission reduction, with the related
goals becoming more comprehensive.

In summary, the policies for the cement industry are mostly
command-and-control measures, lacking the necessary market-based
measures(Chen et al., 2022; Li et al., 2023; Zhang et al., 2020; Zhang
et al., 2022). The lack of information on efficiency and cost may be the
potential obstacles. In terms of the market-based strategy, relevant
economic theories have proved that the theoretical price of emission
permit trading can be estimated through the cost information, providing
an important reference for the establishment and adjustment of the
emissions trading system (Wei et al., 2013). Therefore, this study affords
practical significance for the performance measurement of cement
enterprises.

3. Methodology and data

Modelling the multiply-input multiple-output production process,
particularly with the by-product undesirable outputs such as pollutant,
has become a research hotspot and frontier. Benefitting from the solid
production theory in microeconomics and flexibility in empirical anal-
ysis based on the historical data (Ma et al., 2019), the distance-function-
based method gained wide application. It includes two branches: first is
the non-parametric method mainly referring to data envelopment
analysis (DEA)(He et al., 2021; Li et al., 2021). It does not require pre-
setting the specification, but has shortcomings in terms of non-
differentiability and sensitivity to outliers (Fare et al., 2005; Ma et al.,
2019; Xie et al., 2016). The second approach is the parametric method
mainly including parametric linear programming (LP) and stochastic
frontier analysis (SFA).

In this case, we use the parametric method because it has the
advantage of differentiability and easier estimation and calculation.
Regarding the distance function form, we use the DDF because it is a
generalized form of the conventional Shephard distance function. More
importantly, the DDF can achieve both the expansion of desirable

outputs and the reduction of undesirable outputs simultaneously, fitting
appropriately with the multiple-dimension decision-making in reality.

3.1. Theoretical model

We model the environmental production technology and the DDF as
follows (Fare et al., 2005; Fare et al., 2006). Suppose that a production
unit can produce a desirable output vector y = (y1, ...,ym)eR.M and an
undesirable output vector b = (by, ...,b J)€§R+J from an input vector x =
(x1, ..., xy)eR,N. The environmental production technology is described
by the output possibility set, P(x) = {(y,b): x can produce (y,b)}. This
production possibility set satisfies two standard assumptions. First, P(x)
is a compact set and P(0) = {0,0}. Second, the inputs are free disposable,
that is, if x* > x, then P(x’) D P(x). To accommodate the pollutant
production, we impose three specific assumptions. First, the free
disposability of desirable outputs; that is, if (y,b)eP(x) and y’ <y, then
(y’,b)eP(x). Second, the weak disposability of desirable outputs and
undesirable outputs together; that is, if (y,b)€P(x) and 0 < 6 < 1, then
(0y, 6b) €P(x). Third is the null-jointness assumption; that is, if (y,b)cP
(x) and b = 0, then y = 0. It implies that undesirable outputs are by-
products.

Accordingly, the environmental production technology can be rep-

resented by the output DDF, that is, Bo<x,y,b;gy,—gb> =

max{ﬁ : (y +pgy,b — ﬁgb> € P(x) }, of which g = (gy, —gb) € Sﬂl x R
is a directional vector (DV), making it feasible for a decision-making unit
to hit the boundary of P(x) along a trajectory, where the desirable out-
puts are expanded, while undesirable outputs are reduced. The DDF
represents the degree of “inefficiency,” namely, it measures the
maximum degree of efficiency improvement for an output combination

(y,b) in P(x). Therefore, the greater the value of 50 (x, ¥.b; gy, 7gb), the

greater the degree of inefficiency of the point in P(x), that is, the lower
the efficiency. If a point is exactly located on the boundary of P(x), then

we obtain Bo (x,y,b;gy7 —gb) =0.

Some properties that DDF needs to satisfy are inherited from the
assumptions imposed on P(x), such as the non-negativity, the mono-
tonicity on inputs and outputs, and the weak disposability of desirable
and undesirable outputs. In addition, it should also satisfy the trans-
lation property:

D, (x,y+ag,.b—aguigy, —g) = Do(%,7, b5 8y — &) —,a € R @
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where if we substitute a = = D, (x, ¥,b; gy, 7gb> into this translation

property, we can obtain Bo (x, y+ ﬁ*gy,b -f'g 8y 7gb> =0.

The partial technical efficiency of desirable and undesirable outputs
can be computed as follows:

TE — y’n — ym — ylﬂ
m = = = —
Yim Ym +ﬂ 8y.m Ym + Da(x7y7b;gy7 7gb)g}:m
. — (2)
TE — [77] _ bj _ﬁ 8b,j _ bj - Du(xayvb;g}w _gb)gh,/‘
T b; b

where all the values of partial technical efficiency range from 0 to 1, and
the production unit with higher efficiency has a higher value. If the TE
value is displayed as 1, then it indicates that the output combination is
located on the frontier.

Pertaining to the shadow price, we need to utilize the relationship
between the revenue function and the DDF. We begin with the following

revenue maximization problem:R(x,p,q) = m%x{py —qgb: D, (x, ¥, b;
Y,

g —gb> >0 }, where p = (p1, ...,pM)€§R+M denotes the observable price

vector of desirable outputs, and q¢ = (q1, ...,q;)eR.’ represents the
shadow price vector of undesirable outputs. To solve this maximization
problem, we construct the Lagrangian function and solve the first-order
conditions with respect to every y and b. Finally, we can derive the
shadow price of the j-th undesirable output via the price of the m-th
desirable output:

0D, (x,y,b; 8y, — ) / ob;

e 3)
aDn (X-,)h b; 8y» _gh)/aym

qgi = —D

This expression implies that the shadow price can be regarded as the
value of desirable output that must be dropped in order to reduce an
additional unit of undesirable output. Therefore, the shadow price of an
undesirable output can be used as a proxy of the marginal abatement
cost (Coggins and Swinton, 1996).

3.2. Empirical specification

The translog and quadratic form are two commonly used functional
forms used to represent the parametric DDF (Ma et al., 2019; Zhou et al.,
2014). Here, we use the quadratic specification because it is easier to
impose constraints to meet the translation property (Chambers, 1998),
and it exhibits improved approximation properties (Fare et al., 2010)
over the translog function. It is specified as follows:

T
¥,SDu+Y ¢, TDy

s=1 =1

N M J 1 N N
+ z} QX+ Zﬂmymk + Z }/jbjk +§ Z Z O Xk X
n= m=1 Jj=1

n=1 4—1

_ s
D, (xe,:bii 8, —8) = @0+

(€3]

1 MM 1<
+§Z Zﬂmm'ymkym'k +EZ Zyﬁ’bjkbj’k
J=1 j=1

m=1 p—1

N M N J M J
+ Z Z 5nmxnkymk + Z Zynjxnkbjk + Z Zl"nzjymkbjk

n=1m=1 n=1 j=1 m=1 j=1

where subscript k denotes the number of observations. In addition, SD
and TD represent the spatial and time dummy variables, respectively, in
order to measure the fixed effects in the panel data. In this regard, the
subscript s and t denote the division of space and time, respectively.
Accordingly, the parameters in Eq. (4) can be estimated by a deter-
ministic linear programming algorithm (Aigner and Chu, 1968):

Energy Economics 125 (2023) 106845

M=

min [30 (xk-,yk-,bk'-,gy-,—gb) - 0]

=~
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M J
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(ii)

(iv) >0,j=1,-J;k=1,-K

()

M J
Zgy‘m'ﬂmmr - Zgb,/ﬂlnj =0m=1,-M
m=1 J=1

V)

M J

ng,m,”mj - Zghﬂ’jj' =0,j=1,-,J
m=1 j=1

M J
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a,; =ay,nn =1, Nn#n
(V) € B = Boim> M, m=1,Mm#m

Vi = 7//7]*./ = 17 e Ji 7£./

where the optimization problem is to minimize the sum of deviations of
all the observations from the frontier. The constraint conditions in Eq.
(5) inherit the properties of DDF. The first constraint ensures that all the
observations are feasible. Constraint (ii)—(iv) are the monotonicity
conditions. Constraint (v) reflects the translation property. The sym-
metry conditions are imposed by Constraint (vi).

3.3. Data

We collect our firm-level data from China Industrial Enterprise Data-
base and China Manufacturing Industry Emissions Integrated Database.
After matching the two databases and addressing the missing values and
outliers,” we obtain an unbalanced panel data set of China's cement
industry from 1998 to 2010, containing a total of 8334 observations.
Our data covers 2646 cement firms in mainland China that have >5
million Yuan sales and account for >85% of the total local emissions.
Therefore, our sampled enterprises are representative. Our data also
cover many business types, including state-owned enterprises, collective
enterprises, private enterprises, Hong Kong, Macao and Taiwan-funded
enterprises, and foreign-funded enterprises. In terms of the geographical
distribution, our data cover 29 provincial-level administrative regions
and 284 prefecture-level regions, accounting for 85% of the total num-
ber of prefecture-level regions in China. Furthermore, our sample has a
wide range of spatial distribution, as shown in Fig. 2.

Table 1 shows the descriptive statistics of these variables. Our data
contains three inputs (capital, labor, and energy), one desirable output

2 After matching, the raw data contain 51,490 observations, with a large
number of missing values. Processing steps: First, we combine the linear
interpolation and approximate variable substitution to fill in the missing values.
Second, we drop observations that still have missing values after filling,
resulting in 13,435 observations. Third, for outliers, we trim all variables by 5%
by year group and subsequently 5% in the full sample. Finally, we drop ob-
servations with trimmed variables, retaining 8334 observations.
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Fig. 2. City-level distribution of sample firms.

(gross value of industrial output), and two undesirable outputs (SO3 and
PM). We use the total fixed assets to measure the capital input that is
uniformly converted to 1998 constant Chinese Yuan. The fixed assets
investment price indices are sourced from China's National Bureau of
Statistics. The labor input is measured by the average annual number of
employees at the end of the year. The energy input, dominated by the
feed coal and fuel coal, is aggregated into the standard coal equivalent.
The conversion factors are sourced from the China Energy Statistical
Yearbook. Regarding the output, we use the gross industrial output value
in 1998's price to measure the desirable output. The undesirable outputs
include SO, emissions and PM emissions, where the PM emissions are
the sum of smoke and dust emissions.

4. Establishment of a new directional vector

The selection of the DV could be critiqued from two aspects (Ma
etal., 2019). In the first case, the setting of DV is arbitrary. For example,
previous studies usually set the DV as (g, —gp) = (1,—1). However, some
works have shown that the results are significantly sensitive to the DV
(Murty et al., 2012; Vardanyan and Noh, 2006; Wang et al., 2017),
imposing worries on the credibility and comparability of the results. The
second case is that the DV fails to depict the actual abatement policies or
measures in reality (Ma et al., 2019). In other words, the DV is not
without practical meanings and cannot reflect the decision maker's
trade-offs among desirable and undesirable outputs. Therefore, the
directional vector selected arbitrarily ignores its inherent meanings,
significantly weakening the guiding significance of the empirical results
in reality.

There are several efforts aimed to solve these problems. The first
attempt is to enumerate many DVs and select the DV associated with a
comparable result; for example, comparison of the estimated marginal
abatement cost with the pollutant's actual market price (Ji and Zhou,
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20205 Ji et al., 2021). However, this strategy may reverse the decision-
making order. The second approach attempts to endogenize the DV
(Fare et al., 2017). It adds each element of the DV into the original
parametric linear programming model as a decision variable. In this
manner, the DV value is combined with the coefficient of the DDF to be
optimized simultaneously, transforming linear programming into non-
linear programming. Although this new idea endogenizes the DV
within the framework of optimal decision-making modelling, it lacks a
realistic basis. Moreover, it usually leads to no solution or multiple so-
lutions because it is transformed as non-linear programming. The third
strategy is to set the DV equal to the observed outputs or inputs, actually
forming a radial model (Aparicio et al., 2016; Cheng and Zervopoulos,
2014; D'Inverno and De Witte, 2020; Foltz et al., 2012; Pastor et al.,
2020; Picazo-Tadeo et al., 2012; Singbo et al., 2014; Yu et al., 2021;
Zhou et al., 2012). However, such vectors are generally combined with
DEA, rather than parametric methods and are usually used in theoretical
models. More importantly, this approach still evades the practical
meanings of the directional vector.

4.1. Defining a new directional vector

We propose a new DV, namely a text-based DV determined via text
mining and analysis. The logic is, we apply the text analysis with China's
five-year plans to reveal the underlying policy preference between
economy and environment. We subsequently quantify this policy pref-
erence as our new DV. Fig. 3 presents the analytical theme. The specific
step is as follows.

We first argue that policy preference can generate a directional
vector with inherent meanings. Recalling the most widely used DV, (gy,-
g») = (1,—-1), it represents a direction of efficiency improvement where
the decision-maker expands one unit of desirable output and

academic text-based
concept directional vector
generate imply
core i f
olicy preference
dimension P ye
measurement
practical text + five-year
application analysis plans

Fig. 3. Analytical theme of the new directional vector.

Table 1

Descriptive statistics of input—output variables.
Variable Observations Mean Standard Deviation Minimum Maximum
Capital (10* yuan) 8334 2327.33 2465.44 176.64 16,006.38
Labor (employee) 8334 312.44 193.44 95 1083
Energy (tce) 8334 18,859.90 14,296.87 3316.10 87,474.29
Output value (104 yuan) 8334 3076.91 2675.12 598.26 17,186.63
SO, (ton) 8334 186.31 185.44 10.85 932.87
PM (ton) 8334 949.17 1056.45 20.14 5154.50

Notes: All the price unit “yuan” is the 1998 constant Chinese Yuan. The unit “tce” means ton of standard coal equivalent.
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simultaneously reduces one unit of undesirable output. A different DV
will induce a different path for efficiency improvement or a different
strategy for emission abatement (Wang et al., 2017). For example, the
vector (gy,-g») = (1,0) reflects a strategy of only expanding desirable
outputs without reducing undesirable outputs. Contrarily, the vector
(8y,-8») = (0,—1) describes a strategy of only mitigating undesirable
outputs without increasing the desirable outputs. Although the two DVs
depict the paths for efficiency improvement, the strategy preference is
rather different. Moreover, the relative size of g, to g, implies the relative
preference for the economy to the environment when the decision-
maker is aiming for efficiency improvement (Agee et al., 2012; Ji and
Zhou, 2020; Ji et al., 2021). Therefore, the inherent meaning of a DV is
exactly the preference relationship of decision-making units for all the
outputs that should be sourced from the actual abatement measures or
policies (Ma et al., 2019).

Second, China's FYP is a suitable reference sample, which can be
quantified by text analysis for the measurement of policy preference.
The national FYP mainly clarifies the national strategic intentions and
the government's priorities and guides market participants in their ac-
tivities, marking it as one of the most important policy tools in China
(Hu, 2016). Therefore, the FYP has become a suitable reference for
capturing the national strategic intentions, policy preference, and gov-
ernment priorities across various periods. In recent years, thanks to the
rapid development of the Internet and the openness of government in-
formation, quantitative text analysis has been widely used. In addition
to the information and library science, this method has also been
introduced into the fields of management or economics to analyze
China's policy attention and tool preference (Tan et al., 2021; Wang and
Li, 2017). This paper further develops its application scenarios by using
it to quantify policy preference.

4.2. Quantifying the policy preference

Here, we apply text analysis to analyze the FYP and characterize the
policy preference. The specific steps are as follows. First, we construct a
corpus of the semantic expression of national policies from the 6th FYP
(1981-1985) to the latest 14th FYP (2021-2025).° Second, we establish
a lexicon that can reflect the policy preference. The Chinese word seg-
mentation module “jieba” in Python is used, generating a total of 22,559
words after removing the single characters. Subsequently, we organize
five doctoral students and five master students to screen out a total of
1293 words whose word frequency is not <20." Finally, combined with
the re-judgment and discussion, this procedure produces total 108 (= 88
+ 20) words that will be added into the user-defined dictionary. Fig. 4
illustrates the words in this lexicon by a word cloud, while a detailed
word list is reported in Appendix A.

Third, we conduct a text analysis of the policy documents during the
sample period from 1998 to 2010. This research period spans three
FYPs: the 9th FYP Plan (1996-2000), the 10th FYP (2001-2005) and the
11th FYP (2006-2010). Therefore, we use the texts of these three FYPs
for text analysis. We use the 108 words above as a user-defined dictio-
nary to expand the vocabulary in “jieba”, and perform the word

3 It should be noted that this step is a preparatory work to establish a lexicon
that can reflect the policy preference, so the period of FYPs is not limited to the
sample period (1998-2010) of this paper.

4 The scoring process is as follows: the word is assigned a value of 1, if it is
considered to reflect the decision-maker's preference for “economic growth”,
and it is assigned a value of —1, if it is considered to reflect the preference for
“environmental protection”. If the word is deemed to reflect neither preference,
then it is assigned a value of 0. Subsequently, we sum up the scoring results of
10 postgraduate students, and select words whose result is not lower than 6 or
not higher than —6, obtaining 100 words reflecting the preference for “eco-
nomic growth” and 24 words reflecting the preference for “environmental
protection”. A robust analysis for this step is provided in Appendix B.
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segmentation and word frequency analysis of the target documents.
Based on the equal weight method (Hoberg and Phillips, 2016), we sum
up the word frequencies of words reflecting the preference for “eco-
nomic growth” and “environmental protection” and obtain the results of
5736 and 749, respectively. Accordingly, the “economy-environment”
preference ratio is equal to 7.66 (= 5736/749).

4.3. Constructing the text-based directional vector

We denote the preference ratio between economy and environment
as p; accordingly, the text-based DV (g1, ..., &,m —8&b,1, --,-8b,J) can be
solved by the following system of equations:

(i) g)l:p7m:]’...7M;j:]7...“]
8bj
(i) gm= 8y 2 0,m, m = 1, M;m # =
(i) &y =8y >0 =1, T #] (6)
M J
(iv) Z g\m +Z g,” =
Jj=1

where Eq. (i) is the definition of the preference ratio. Eq. (ii) and (iii)
assume the indifference in preference among the expansion of desirable
outputs and the reduction of undesirable outputs, respectively.’ The last
equation constrains the norm of the DV to be 1.°

We substitute p = 7.66 into Eq. (6), solving our text-based DV to be
(0.98, —0.13, —0.13). These three coordinates represent the expansion
of the gross industrial output value, the reduction of SO, emissions, and
the reduction of PM emissions, respectively. This new DV is significantly
different from the conventional vector, that is, (1,—1,—1). It shows that,
in China's context, the preference for economic growth is considerably
higher than that for the environmental protection. This is also consistent
with the national economic characteristics and priorities during the
sample period of this paper.

5. Results and discussions

Table 2 shows the parameters estimated by CPLEX solver in GAMS. It
should be noted that to overcome the convergence problem in linear
programming, we normalize all inputs and outputs by their mean value
(Fare et al., 2005).

5 Limited by the availability of policy text, this paper is unable to further
identify the preference between SO, and PM, which is to be addressed by
subsequent studies.

6 This constraint is to ensure the comparability of the results under different
DV. To explain this intention, recalling the DDF's definition, we can calculate
the Euclidean distance from the output combination (y,b) to the frontier as

M J

S (0 —w) + Y () - 0)’

m=1 =

Euclidean distance

M ; A
= On B gm—yn) + —B e —b)

m=1 J

) M J
=5[> (&) Y (—a) =

m=1 j=1

J
=1

()c) b; gy, —8& ‘DV|

where DV denotes the directional vector. The Euclidean distance from
point (y,b) to the frontier is equal to the product of DDF and the norm of
DV. Therefore, in order to compare and analyze the influence of
different DV on the results, we restrict all the DVs to be unit vectors,
causing the value of DDF to be equal to the Euclidean distance regardless
of the DV.
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Fig. 4. Word cloud of the lexicon reflecting policy
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Table 2

Estimated parameters of DDF.
Parameter Variable Estimate
ao Constant 0.24
ay Capital 0.58
ay Labor 0.73
as Energy 0.05
h Output value —1.00
n SO, 0.17
72 PM -0.01
a1 Capital x Capital —0.08
o) Labor x Labor —0.15
ass Energy x Energy 0.11
a2 = a1 Capital x Labor, Labor x Capital —0.04
a3 = Q31 Capital x Energy, Energy x Capital 0.03
a3 = a3 Labor x Energy, Energy x Labor -0.03
P11 Output value x Output value 0.00
711 SO5 x SOz —0.03
o PM x PM —0.00
r12 =721 SO, x PM, PM x SO, 0.03
511 Capital x Output value —0.00
821 Labor x Output value 0.01
831 Energy x Output value —0.00
11 Capital x SO, —0.01
V12 Capital x PM 0.00
Vo1l Labor x SO, 0.02
Voo Labor x PM 0.02
V31 Energy x SO —0.01
Usg Energy x PM —0.00
H11 Output value x SOy 0.00
H12 Output value x PM 0.00
73 Province dummy
@ Year dummy

Notes: The estimates of y and ¢ are reported in Appendix C.

Based on the estimated parameters, we can gauge the overall effi-
ciency score and partial technical efficiency for both desirable and un-
desirable outputs. It must be noted that for estimating the shadow price,
we recover the result by multiplying with (mean of y;,)/(mean of bj).
Table 3 describes the summarized statistics of DDF.

The first row in Table 3 shows that the mean inefficiency of these
sampled cement enterprise is 2.30. There are 16 observations with a zero

“Constriuction::

IHLUHIC

word marked with * or ** indicates that it is the same
English translation of several Chinese words.

DDF, indicating that they are located on the frontier. When interpreting
the DDF, we need to account for the mean values of outputs (Fare et al.,
2005). For example, if the mean value of y is 30.77 million yuan and g is
0.98, then a representative cement enterprise in our sample has the
potential to expand its output by 2.30 x 30.77 x 0.98 = 69.36 million
yuan through efficiency improvement. Simultaneously, the sample en-
terprise has the potential to curb 55.71 tons SOy emission (2.30 X
186.31 x 0.13) and 283.80 tons PM emission (2.30 x 949.17 x 0.13).
The partial technical efficiency measures the efficiency of decision-
makers from the perspective of a single output. Because the DDF mea-
sures the inefficiency, the partial technical efficiency is generally
negatively associated with the DDF score. The last two rows in Table 3
shows the statistics of the marginal abatement costs. It shows that the
average cost to curb one addition ton of SO5 and PM are 29,574 yuan/
ton and 1770 yuan/ton, respectively.

5.1. Spatial-temporal pattern of technical efficiency

We first examine the spatial-temporal pattern of technical efficiency
for the Chinese cement enterprise. Fig. 5 depicts the annual trends of the
full sample and four regions.”

Fig. 5a illustrates that the inefficiency of China's cement industry
experienced slight fluctuations during 1998-2005, exhibiting a moder-
ate increase from 2006 to 2010. A potential explanation is the soaring
expansion of infrastructure construction and fixed asset investment,
given the surge in the growth rate of cement production from 10% in
2005 to 16% in 2006 (National Bureau of Statistics, 1983-2021). Among
the four regions, the East region has the highest inefficiency level
throughout the sample period. The Central region is slightly higher and
has a similar patter with the full sample. The West region is relatively
lower, but exhibits a swift converging trend with a high growth rate of

7 We divide the sample into four regions: East (Beijing, Tianjin, Hebei,
Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, and Hainan),
Central (Shanxi, Anhui, Jiangxi, Henan, Hubei, and Hunan), West (Inner
Mongolia, Guangxi, Chongging, Sichuan, Guizhou, Yunnan, Tibet, Shaanxi,
Gansu, Qinghai, Ningxia, and Xinjiang), and Northeast (Liaoning, Jilin, and
Heilongjiang).
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Table 3

Results under the text-based directional vector.
Variable Observation Mean Median Standard Deviation Minimum Maximum
DDF 8298 2.30 2.32 1.20 0 7.53
TEy 8298 0.31 0.27 0.18 0.03 1
TE_SO, 6630 0.65 0.71 0.25 0.00 1
TE_PM 5744 0.67 0.75 0.25 0.00 1
MAC_SO, (104 yuan/ton) 8294 2.96 291 0.82 0.03 6.52
MAC_PM (10* yuan/ton) 8297 0.18 0.14 0.14 0 0.88

Notes: DDF denotes the directional distance function. TE represents the partial technical efficiency. MAC is the marginal abatement cost, that is, the shadow price. All
the price unit “yuan” is the 1998 constant Chinese Yuan. We exclude 36 observations with negative DDF. Due to the negative b*, there are 1668 observations with
negative partial TE of SO,, and 2554 observations with negative partial TE of PM. There are also four observations with a negative shadow price of SO,, and one

observation with a negative shadow price of PM.
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Fig. 5. Annual median inefficiency and partial TE in the different regions.

inefficiency. The Northeast region exhibits a close pattern with nation's
trend, but with considerable variation.

Fig. 5b shows the technical efficiency of the gross industrial output
value. It shows a slight decline before 2006, but exhibits subsequent
increase. Combined with the reverse trend in Fig. 5a, the rapid devel-
opment of the cement industry since 2006 suggests efficiency
improvement from the economic output side, but the overall efficiency
reduces when environmental pollution is considered. This conclusion is
confirmed with the trend shown in Fig. 5c and d, of which the technical
efficiency of SO, and PM experience continuous or even accelerating
decline.

Moreover, Fig. 5b-d also reveal substantial regional disparity. Prior
to 2006, the technical efficiency of output value of the four regions
presents a convergence trend, but the Northeast region shows a different

and remarkable rebound pattern since 2006. Regarding the performance
of pollutant emission, the East region is significantly lower than the
nation's level and exhibits considerable variation. These findings reflect
the importance of regional difference when establishing nation-wide
policy.

Fig. 6 shows the city-level distribution of the inefficiencies of cement
firms. The most efficient cities appear in provinces such as Anhui, Hei-
longjiang, and Jiangxi. Furthermore, Yunnan, Jilin, Ningxia, and
Shaanxi also feature cities with high efficiency. This finding is consistent
with the conclusion in Fig. 5a.

5.2. Spatial-temporal pattern of abatement cost

The shadow price of the pollutant is a suitable proxy of the marginal
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Fig. 6. City-level distribution of median inefficiency.

abatement cost. This information forms the foundation and benchmark
for different market-based instruments such as emission permit trading
and environmental tax. Given intensive previous estimates on abate-
ment cost of SO in the literature, Table 4 compares our results with
those of the other relevant studies. The previous estimates on abatement
cost for one ton of SO5 reduction usually range from tens of thousands to
hundreds of thousands of yuan, and in few studies, even as high as
millions of yuan. Our estimate of 29,574 yuan/ton is within a reasonable
range. A few reasons may be attributed to this disparity. First, the data-
level and sample period are considerably different. For example, among
these studies, the data covers the province-level, city-level, or firm-level,
limiting the comparability of the results. Second, the unconditional
marginal abatement cost estimated under a single pollutant is often
overestimated owing to the ancillary benefit (Burtraw et al., 2003;
Kesicki and Ekins, 2012; Ma and Hailu, 2016). Moreover, the choice of
DV may remarkably alter the results.

Fig. 7a first suggests a downward trend. The abatement cost for the
reduction of one ton of SOy was 31,600 yuan in 1998 that gradually
decreased to 25,100 yuan in 2010. In contrast, Fig. 7b shows that the
cost to curb one ton of PM fluctuates, ranging from 1200 to 1700 yuan/
ton. The literature suggests that the cleaner, the more expensive is the
further reduction of the pollutants (Murty et al., 2007). Accordingly, our
case suggests a worsening environmental aspect of the Chinese cement
industry during our research period. This is also consistent with the
technical efficiency pattern. In terms of the regional gaps, Fig. 7a sug-
gests the abatement cost of SO in the central region that is higher than
that at the national level, while that in the east region is relatively lower.
During the sample period, the abatement cost of SO5 in the west region
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exhibits the largest decrease of approximately 25%. As shown in Fig. 7b,
the regional differences of the PM abatement cost are mixed and vary
significantly.

Fig. 8 depicts the relationship between the inefficiency and abate-
ment cost by provinces. The bubble size indicates the inefficiency level.
The horizon axis in Fig. 8 shows that Chongqing has the lowest SO,
abatement cost (24,381 yuan/ton), followed by Shanghai (26,873 yuan/
ton) and Yunnan (27,055 yuan/ton). Contrarily, Henan holds the
highest cost (31,717 yuan/ton), followed by Hubei (31,104 yuan/ton)
and Anhui (31,032 yuan/ton). The vertical axis shows that Guizhou
registers the lowest cost for PM reduction (792 yuan/ton), followed by
Fujian (926 yuan/ton) and Jiangxi (987 yuan/ton). The most expensive
province to control PM is Shanghai (3346 yuan/ton) that is four times
that of Guizhou, followed by Tianjin (2513 yuan/ton) and Chongging
(1939 yuan/ton). Fig. 8 also suggests that the abatement cost of PM
varies significantly among the provinces, while the cost of SO; is rela-
tively concentrated. Moreover, Shanghai, Tianjin, and Chongqing show
different patterns with the other provinces.

5.3. Comparison of the directional-vector-based results

Here, we compare the existing results with those under some other
directional vectors. We establish the following alternative DVs (g, —gp,1,
—8h,2). As Fig. 9 illustrates, we increase the angle between the DV and
the vertical axis (representing the expansion of the desirable output)
from 0° to 90° in increments of 5°, constructing 19 alternative vectors,
denoted in black. The vertical axis g, represents the expansion of the
desirable output, and the two horizontal axes -g; 1 and -gp » represent the
reduction of the two undesirable outputs. The orange curved surface
denotes the constraint on the vector norm, and the light blue planes
denote the preference ratio; the red vector denotes our text-based DV.

In particular, for ¢ € {0°,5°,10°,---,90°}, these alternative DVs are
solved by the following system of equations:

(i) g = cos¢

(i) & =0

(iii) 8p1 =82 20 @
(iv) \/83 +g§,1 +gﬁ_2 =1

where Eq. (i) implies the preference ratio between economic growth and
environmental protection. The smaller the angle ¢, the stronger the
preference for economic growth. Eq. (iii) assumes the indifference in
preference between the abatement of two pollutants. Eq. (iv) constrains
the directional vector to be a unit vector, to ensure that the results under
different directional vectors are comparable.

Moreover, we adopt the optimized directional vector proposed by
Fare et al. (2017) and solve the model by using the non-linear pro-
gramming solver CONOPT. This optimized directional vector via non-
linear programming is solved to be (0.01, —0.71, —0.71), with an
angle of 89.35° from the vertical axis.

Table 4

Comparison of SO, shadow price in different studies.
Study Pollutant DMU Sample Period Model/Method MAC of SO,
Kaneko et al. (2010) SO, Thermal power sector, China 2003, 2006 DDF/DEA 20,720-47,298 yuan/ton
Xie et al. (2016) SO, 30 provinces, China 1998-2011 QDDF/LP 419,000-1,493,000 yuan/ton
Zeng et al. (2018) SO, 30 provinces, China 2001-2013 QDDF/LP 13,765-14,711 yuan/ton
Wei and Zhang (2020) CO,, SO, 93 coal-fired power plants, China 2005-2010 QDDF/LP 16,705 yuan/ton
Ji and Zhou (2020) CO3, SO,, NOy 105 cities, China 2006-2014 QDDF/LP 132,519-171,412 yuan/ton
Nakaishi (2021) CO4, SO, 316 coal-fired power plants, China 2014 QDDEF/LP 223,401 yuan/ton
Ji et al. (2021) CO,, SO,, NO,, PM 30 major cities, China 2006-2015 QDDF/LP 99,330 yuan/ton (median)”
This study SO,, PM Cement industry, firm-level, China 1998-2010 QDDF/LP 29,574 yuan/ton

Notes: DMU denotes the decision-making unit. QDDF represents the quadratic directional distance function. DEA indicates the data envelopment analysis. LP indicates
the linear programming. MAC is the marginal abatement cost, that is, the shadow price.
# The authors only report the median instead of the mean owing to the highly skewed distribution.
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To compare the performance of these different DV-based results, we
define the “goodness-of-fit” of the model as follows (Ji and Zhou, 2020):

Goodness-of -fit = (8)

ANy

-
) Do (%, Yk, i 8- —8b) — 0]

where K denotes the total number of observations. In addition, Fy is a

binary variable, F, = 1, if B,, (xk,yk,bk;g},7 —gb) <0 or by —

BO (xk,yk,bk;gy, —gb)gb <0, or Fr = 0 otherwise. The larger the

numerator, the better the model fits the data. The denominator

10

represents the sum of inefficiency that is the objective function that
needs to be minimized in Eq. (5). The smaller the denominator, the
better the model fits the data. Therefore, the fraction of Eq. (8) can
comprehensively reflect how appropriately the model fits the data.

Fig. 10 depicts the results of the above-mentioned 20 alternative DVs
as well as our text-based DV. It shows that the shadow prices under
different DVs vary significantly. For the case of DV ranging from 0° to
90°, the marginal abatement cost of SO, increases 1877 times, that is,
rises from 4950 yuan/ton to 9,298,027 yuan/ton. Simultaneously, the
marginal abatement cost of PM also rises from 987 yuan/ton to
2,014,717 yuan/ton, which is an increase of 2040 times. This indicates
that the marginal abatement cost estimate is extremely sensitive to the
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DV and suggests that the DV should be set with caution.

In comparison, for the case of vector (0.01, —0.71, —0.71), the cor-
responding marginal abatement cost of SOz and PM is 9,322,842 and
2,020,181 yuan/ton, respectively. This is significantly different from the
range of the results presented in previous studies and is also inconsistent
in terms of practicality.

The goodness-of-fit shows a downward trend as the angle increases.
However, it tends to stabilize when the angle exceeds 40°. Overall, the
goodness-of-fit under our text-based DV is at a high level, indicating that
our model is a suitable fit for the data. It should be note that, this
goodness-of-fit is purely constructed from a mathematical perspective
and does not endogenously originate from the inherent meanings of the
directional vector; it can only be used as a reference for comparison
instead of a basis for selecting a directional vector.

Comparing the results of various alternative DVs as well as our DV,
we once again reveal and confirm that the marginal abatement cost is
extremely sensitive to the DV. This highlights the contribution of our
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text-based DV that originates at the inherent meanings and is deter-
mined with extreme caution.

6. Conclusion

As one of the industries with the highest energy consumption and
heaviest pollutant emissions, China's cement industry poses consider-
able pressure on energy conservation and emission reduction. Infor-
mation on efficiency and cost play a key role in policy regulation, which
is an urgent question that the academia needs to address. However,
studies on environmental performance have not paid sufficient attention
to China's cement industry; this has not been conducive to the high-
quality development of the cement industry. This study is the first to
use the directional distance function to measure the technical efficiency
and shadow price in China's cement industry, bridging the gap in this
research field and providing a valuable reference for policy formulation
at the micro level. This is the first contribution of this study.

In response to the debates on the directional vector in the DDF-based
method, this study is the first to propose a new text-based DV. We first
constructed a corpus of the semantic expression of national policies,
thereafter established a lexicon reflecting the preference, conducted a
text analysis of the target documents to reveal the policy preference, and
finally solved it. For the first time, we highlight and start at the inherent
meanings to determine the DV. Through this method, we provide a new
insight into the DDF-based method.

Applying this model to the firm-level data of China's cement industry
from 1998 to 2010, we solve the text-based DV to be (0.98, —0.13,
—0.13). The conditional median marginal abatement costs of SO, and
PM are estimated to be 29,070 yuan/ton and 1374 yuan/ton, respec-
tively that are more practical compared with those in the previous
studies. Through the temporal and spatial decomposition analysis, it is
found that the overall inefficiency of China's cement industry during the
sample period shows an upward trend. It is further found that the in-
crease in the overall inefficiency is actually caused by the decline in the
partial technical efficiency of pollutant emissions. The marginal abate-
ment cost of SO, shows a significant downward trend during the sample
period, implying a worsening environment performance during our
sample period. Moreover, the heterogeneities of regions, provinces,
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cities, and pollutants are revealed.

There is a broad application prospect for our new DV. Because any
research involving the DDF will inevitably require the selection of DV,
our new DV can be widely applied. Therefore, it can be combined with
many methods in performance analysis or externality research, serving
as an effective supplement. For example, in the Meta-frontier analysis
considering heterogeneous production technology, our text-based DV
can be applied separately in each group. In this way the inter-group
heterogeneities can be better reflected. Another example is a combina-
tion with the non-linear programming by Fare et al. (2017). The mea-
sure of preference by our text-based DV can be added as a constraint,
providing a realistic basis for this method.

The potential limitation of this DV lies in the availability of policy
text. Because different countries or regions may have different political
and economic environments, it is not certain whether there is any
available policy text that can be used to reveal the preference. In addi-
tion, due to the limitation of data availability, the data presented in this

Appendix A. Word list of the lexicon reflecting policy preference
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paper is not up-to-date. Based on richer text information and improved
models, subsequent studies can experiment with “dynamic” directional
vectors to portray the changes of preference in more detail.

CRediT authorship contribution statement

Yi Zhou: Formal analysis, Data curation, Writing — original draft,
Writing — review & editing, Visualization. Wenji Zhou: Methodology.
Chu Wei: Conceptualization, Methodology, Writing — review & editing,
Project administration, Funding acquisition.

Acknowledgements

This research is supported by the National Natural Science Founda-
tion of China (72261147760), and the Fundamental Research Funds for
the Central Universities and the Research Funds of Renmin University of
China (23XNH158).

Preference for economic growth (88 words)

Chinese Chinese Pinyin English Chinese Chinese Pinyin English

RE Fazhan Development (S Shangpin Commodity

Big Jianshe Construction S Jingji tizhi Economic system
2% Jingji Economy SEAFFIR Duiwai kaifang Opening up

Ei: 303 Tuijin Advance ZFs Jingji shehui Economy and society
hniR Jiakuai Speed up EFRE Shengchan zongzhi Total output value
AR Jishu Technology e Jingji xiaoyi Economic benefit
&= Shengchan Production fu€a Xiaoyi Benefit

wE Gaige Reform #O Jinkou Import

HEH Nengli Capacity Rz Gongying Supply

{2t Cujin Promote & Ziben Capital

BIFT Chuangxin Innovation Foipata |4 Xinxing chanye Emerging industry
L7l Shichang Market [5E14 Shangye Commerce

i3] Tuidong Promote ai4(4 Chanyehua Industrialization
'K Zengzhang Growth THERMR Xiaofeipin Consumer goods
w14 Chanye Industry BlFTHE Chuangxin nengli Innovation ability
& Chanpin Product FElleErg Chanye jiegou Industrial structure
%R Touzi Investment i Rongzi Financing

Tk Gongye Industry ®= Zichan Asset

b Tisheng Elevate fias Zhenxing Revitalization

Mk Jiuye Employment MANE Liyong waizi Use of foreign investment
ERigrHE Jichu sheshi Infrastructure pridac] | Jinchukou Import and export
FFR Kaifang Open Lisbik(4 Shichanghua Marketization

ML Xiandaihua Modernization EIE &= Guding zichan Fixed asset

e Guimo Scale 223 Chanyelian Industry chain
BRS3Ak Fuwuye Service industry WEFH Gaige kaifang Reform and opening up
ER&F Guomin jingji National economy EBHEF Guoyou zichan State-owned assets
KB Daxing Large-scale = Zengchan Increase production
78 Jingying Operate B Tuopin Poverty elimination
KA Shouru Income &R Shengchanli Productivity

HER Xiaofei Consumption hinEiF Shichang jingji Market economy
& Zhizao Manufacture R Waimao Foreign trade

RE Zijin Fund AL BER Chanye zhengce Industrial policy
Ea: Jinrong Finance GEEZESN Shichang zhuti Market entity
KhEE Dali fazhan Vigorously develop B A Caizheng shouru Fiscal revenue

HO Chukou Export ERKA Guomin shouru National income
R% Maoyi Trade N Waizi Foreign investment
nig Jiage Price £ Jingjiqu Economic zone

TAEL Caizheng Public finance ZFHX Jingji tequ Special economic zone
=g Chanliang Yield BrEE Zongchanzhi Total output value
o Laodong Labor =l Disan chanye Tertiary industry
HFRED Shengchan nengli Production capacity SR Laodong shengchanlyu Labor productivity
ek Gongji Supply FEHE Channeng Production capacity
e Xinzeng Increase EIRES Jiti jingji Collective economy
Lab=lg Zhizaoye Manufacturing industry -T2 Youshi chanye Dominant industry
Preference for environmental protection (20 words)

Chinese Chinese Pinyin English Chinese Chinese Pinyin English

RIR Ziyuan Resource B Paifang Emission

1RIP Baohu Protection EBIRE Shengtai huanjing Ecological environment
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(continued)

Preference for environmental protection (20 words)

Chinese Chinese Pinyin English Chinese Chinese Pinyin English

&S Shengtai Ecology Tk Jieshui Water-saving

bZ5: Huanjing Environment SR Wuranwu Pollutant

REIR Nengyuan Energy B Ziran Nature

T Jieneng Energy-saving TR Qihou bianhua Climate change

Ze Lyuse Green RER Xinnengyuan New energy

bEES Wuran Pollution BARRIR Ziran ziyuan Natural resources
IRERIP Huanjing baohu Environmental protection BARIFX Ziran bachuqu Natural reserve

2N Huanbao Environmental protection AR Huanjing zhili Environmental governance

Notes: From top to bottom and left to right, the words are sorted in descending order according to their word frequencies in the corpus.
Appendix B. Robust analysis for word selection

Since the word selection for the lexicon may have an impact on the results, here we conduct a robust analysis.

The words in the lexicon are selected based on their scoring results. Specifically, in a value range of-10 to 10, the words are selected with the
absolute value of score not lower than 6. In this regard, we define a percentage index called “word intensity”, which is equal to the absolute value of
score divided by 10, ranging from 0 to 100%. This index can indicate the “intensity” of the word in reflecting the preference for “economic growth” or
“environmental protection”. The higher the value, the more obvious the preference attitude of the word.

Based on the concept of this index, the existing results of this paper can be expressed as the benchmark results with word intensity not lower than
60%. Therefore, here we increase the minimum limit of the word intensity to 70%, 80%, and 90%, respectively, to minimize the uncertainty caused by
“neutral” words. Then we repeat the entire solving process separately. Table B.1 presents the new results of text analysis and text-based DV after
changing the word intensity. Table B.2 compares a series of estimates for efficiency and cost with different word intensity.

Table B.1
Results of text analysis and text-based DV with different word intensity.

Text analysis and text-based DV Benchmark results (word intensity >60%) Results after changing the word intensity
>70% >80% >90%

Number of words with preference for

Economic growth 88 63 35 22

Environmental protection 20 17 13 7
Frequency of words with preference for

Economic growth 5736 5099 4013 3183

Environmental protection 749 731 639 246
Preference ratio p 7.66 6.98 6.28 12.94
Text-based DV (gy, —gb,1, —8b,2)

& 0.98 0.98 0.98 0.99

—8b1 —0.13 —0.14 —0.16 —0.08

8,2 -0.13 —0.14 —-0.16 —0.08

Notes: Word intensity is a percentage index, which is equal to the absolute value of score divided by 10. For the words with intensity >60%, we also conduct a re-
judgment and discussion.

Table B.2 shows that the estimates of efficiency and cost do not change significantly after changing the word intensity. With the new intensity limit
of 70%, 80% and 90%, the changes in the DDF and technical efficiency are almost all within 10%. The change of shadow price is slightly larger in
comparison, with the largest variation of about 60%. However, the absolute difference is small compared to the benchmark results. In terms of the
values of tens of thousands, hundreds of thousands, or even millions of yuan/ton in other related studies (see Table 4), this difference is almost
negligible. Therefore, it can be concluded that the existing results of this paper are robust.

Table B.2

Median estimates of efficiency and cost with different word intensity.
Variable Benchmark results (word intensity >60%) Results and their relative changes after changing the word intensity

>70% >80% >90%

DDF 2.32 2.32 (—-0.19%) 2.29 (-1.25%) 2.30 (—0.72%)
TE.y 0.27 0.27 (0.23%) 0.27 (0.71%) 0.27 (0.86%)
TE_SO, 0.71 0.70 (—2.24%) 0.68 (—5.55%) 0.81 (12.69%)
TE_PM 0.75 0.73 (—1.79%) 0.72 (—4.33%) 0.83 (10.41%)
MAC_SO, (10* yuan/ton) 291 2.90 (—0.14%) 4.64 (59.69%) 1.08 (—62.77%)
MAC_PM (10* yuan/ton) 0.14 0.15 (8.95%) 0.22 (59.53%) 0.13 (—4.80%)

Notes: DDF denotes the directional distance function. TE represents the partial technical efficiency. MAC is the marginal abatement cost, that is, the shadow price. All
the price unit “yuan” is the 1998 constant Chinese Yuan.

Appendix C. Parameters for province and year dummies in DDF
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Parameter y for province dummies

Province Estimate Province Estimate
Shanghai 0.25 Jiangxi —0.58
Yunnan —0.48 Hebei 1.43
Inner Mongolia -0.29 Henan 1.76
Jilin —0.33 Zhejiang 1.71
Sichuan 1.90 Hubei 0.55
Tianjin 0.89 Hunan 111
Ningxia -0.77 Gansu -0.15
Anhui —0.33 Fujian 1.37
Shandong 3.21 Guizhou —0.29
Shanxi —0.58 Liaoning 0.85
Guangdong 1.09 Chongqing -0.21
Guangxi —0.52 Shaanxi —0.46
Xinjiang —0.04 Qinghai —-1.01
Jiangsu 1.30 Heilongjiang —0.57
Parameter ¢ for year dummies

Year Estimate Year Estimate
1999 0.23 2005 1.05
2000 0.16 2006 2.07
2001 0.23 2007 2.32
2002 0.40 2008 2.66
2003 0.75 2009 2.60
2004 0.96 2010 3.24
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