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Abstract: By adopting an energy-input based directional distance function, we calculated the shadow
price of four types of energy (i.e., coal, oil, gas and electricity) among 30 areas in China from
1998 to 2012. Moreover, a macro-energy efficiency index in China was estimated and divided into
intra-provincial technical efficiency, allocation efficiency of energy input structure and inter-provincial
energy allocation efficiency. It shows that total energy efficiency has decreased in recent years,
where intra-provincial energy technical efficiency drops markedly and extensive mode of energy
consumption rises. However, energy structure and allocation improves slowly. Meanwhile, lacking
an integrated energy market leads to the loss of energy efficiency. Further improvement of market
allocation and structure adjustment play a pivotal role in the increase of energy efficiency.

Keywords: energy efficiency; shadow price; efficiency decomposition; directional distance function

1. Introduction

Since the reform and opening up, extensive economic growth mode with high input and high
energy consumption has made contributions to the boom of the Chinese economy with the side effect
of energy and environmental problems. With the development of urbanization and industrialization,
the contradiction of energy supply and demand would be evident in the long term due to the growth
of energy consumption. For example, the energy consumption reached 42.6 trillion Ton of standard
Coal Equivalent (Tce) in China in 2014. Saving energy and reducing consumption is necessary for
sustainable development, owing to the non-renewability and scarcity of fossil fuels such as coal and
gas. Therefore, in China’s 12th Five-Year Plan, there are some main targets proposed. The first target is
to reduce the energy consumption in GDP by 16% compared with that in 2010 by the control of energy
consumption intensity and total energy. The second one is to optimize energy structure by lowering
the reliance on fossil fuels. The third target is to promote marketization of energy price by reforming
energy pricing mechanism. To realize these aims, we need to answer these three questions: (1) Is the
energy pricing reasonable in China? (2) Which level is the total macro-energy efficiency at in China?
(3) Is the promotion of energy marketization and optimization of energy structure effective in China?

Compared with advanced level in the world, total energy efficiency in China is not high enough
for low energy using efficiency. By evaluating total factor energy efficiency of different economies,
China is found as the economy with the lowest value in 17 APEC countries or areas [1]. Even though
total factor energy efficiency has greatly increased in China in recent years, and narrowed the gap
with that of developed countries, China still has large quantities of energy consumption, leading to
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potentiality of energy-saving and emission-reduction [2]. Increasing numbers of scholars focus on
energy inefficiency and technique inefficiency for the reason of low energy efficiency in China [3].
Firstly, as for the energy resources in China, the proportion of coal is too large while the production
of clean energy is not enough, resulting in unreasonable energy input structure. This part of loss of
the energy efficiency can be remedied by upgrading energy structure, aiming at restricting carbon
emission intensity [4,5]. The other reason is energy market distortions resulted from government
intervention. During the economic transformation, lag of energy marketization causes energy price
distortion, which further restrains the improvement of energy efficiency in China [6,7]. Therefore,
some measures, such as energy marketization, reduction of government intervention and optimization
of energy allocation by market, contribute to the realization of energy saving and emission reduction.

In this paper, a macro-energy efficiency index in China (H) is established for quantized analyses
of the impact of factors, such as energy structure and allocation on energy efficiency. The index is
then decomposed into intra-provincial technical efficiency (ATE), allocation efficiency of energy input
structure efficiency (AAE) and inter-provincial energy allocation efficiency (RE). The first index is the
efficiency loss caused by technical inefficiency, while the other two are allocation inefficiency caused
by market distortions. The result of the research would offer theoretical support for the assessment of
energy structure adjustment and promotion of the market reform of energy prices.

The rest of the paper is organized as follows: Section 2 reviews the total factor energy efficiency
and shadow price. Section 3 introduces energy-input based directional distance function (DDF)
and estimation of energy shadow price and constructs macro-energy efficiency indices as well as
corresponding deposition model. Section 4 is about data processing and analysis. Section 5 is an
empirical analysis of a case. The last section is the conclusion.

2. Literature Review

To evaluate the energy efficiency in China accurately, we are required to select the indices of
energy efficiency reasonably, which can mainly be divided into single factor energy efficiency and
total factor energy efficiency. With the feature of easy comparison and simple calculation, single
factor energy efficiency is introduced mainly for analyzing the relationship of single energy input and
output. Early research mostly applied this method to evaluate energy efficiency. For example, energy
consumption of the Chinese industrial sector in the 1990s was decomposed by an improved Laspeyres
Index [8]. The research found that technical effect is the leading factor of the changes in industrial
energy consumption. This method is criticized by many researchers because in the single factor energy
efficiency, the contribution of labor and capital to output is neglected, and then the substitution effect
among different production factors is not taken into account.

Therefore, Hu and Wang [9] proposed the concept of total factor energy efficiency originally,
which brought production factors such as labor and capital into efficiency analysis. By considering the
substitution effect between energy and other production factors, real production process could be well
simulated. Thus, this method became the main evaluation method for energy efficiency. By window
analysis of DEA method, total factor energy efficiency of 23 developing countries from 1980 to 2005
were tested before analyzing the relation between total factor energy efficiency and incomes based
on Tobit model [4]. Meanwhile, a parametric meta-frontier approach based on the Shephard energy
distance was introduced, dividing 30 provinces in China into three technical frontiers for analyzing
efficiency differences due to technology gap among areas [10].

Some researches [11-13] discussed multiple inputs and outputs based on the model of multiple
input and single output. That means they combined undesirable outputs such as pollutant during
production process into output system, which better simulated the byproducts in actual production
process such as carbon dioxide, sulfur dioxide and other industrial wastes. For example, Fujii et al. [11]
employed a DDF that can handle multiple inputs and outputs to compute the change of TFP. Then it
was found that environmentally sensitive productivity (ESPs) of China’s iron and steel industry had
continuously improved, even in the period when the conventional economic productivity (CEP)
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declined in the 1990s. Moreover, Li ef al. [12] brought byproducts (carbon dioxide and sulfur
dioxide) into the production process, establishing an environmental total factor energy efficiency
index. According to SBM model, energy efficiency is commonly lower than that regardless of bad
output, which means energy efficiency in China is probable to be over-estimated. Moreover, Li et al. [13]
introduced a meta-frontier framework with the improved DDF to measure the meta-frontier energy
efficiency with carbon dioxide emissions. The research indicated that the main reason for low energy
efficiency in China is managerial failure in the east and west areas, and technological differences in
middle part.

Recently, more and more scholars [14-17] pay attention to the impact of the energy input structure
and shadow price of total factor energy efficiency, resulting in incapability of estimating energy
allocation efficiency, which was first analyzed by Ouyang and Sun [14] as well as Sheng [15,16]. As we
know, underestimation of energy price leads to excessive energy consumption during production
process. For example, Ouyang et al. [14] pointed out that factor prices of capital, labor and energy are
distorted in China due to government regulations. Moreover, energy prices is relatively low compared
with capital price, while is relatively high compared to labor price. Meanwhile, energy type would
affect the energy allocation significantly [16,17]. Kumar et al. [16] estimated the Morishima elasticity
of substitution between different fossil fuels and renewable resources, and found that the types of
energy would make different contributions to total factor energy efficiency. All these factors would
have further influence on total factor energy efficiency.

Energy shadow price reflects the marginal cost of production or marginal output, which is
the price when production process gets best allocation. The estimation of shadow price can offer
theoretical support for policy decision. In recent years, shadow price is widely used in the area
of estimation of pollutant price [18-21]. For example, Kaneko et al. [18] used a non-parametric
DDF approach to calculate the shadow prices of sulfur dioxide, and then estimated the regional
pollution abatement cost under the financial allocation strategy in China. Moreover, Ishinabe et al. [19]
evaluated the shadow price of greenhouse gas (GHG) emissions for 1024 international companies.
Meanwhile, Molinos-Senante et al. [19] analyzed the carbon dioxide emission efficiency and
shadow prices of sewage plant based on a parametric quadratic DDF and got the conclusion
that shadow price mechanism of carbon dioxide contributes to emission reduction better than
command-and-control regulation.

Among these studies, the methods to estimate the shadow price differ from one another,
depending on the respective needs. For example, Sheng et al. [15] estimated energy shadow
prices by non-parametric approach. With DEA to evaluate energy DDF, the result showed that
both national and regional energy shadow prices are higher than market price. Further research
(Sheng et al [16]) found that the situation of total factor energy inefficiency in China has improved
during the 15 years. The similar method has been adopted by Kaneko et al. [18] and Li et al. [13].
Although the non-parametric DEA has the advantage of envelope characteristics, it shows the limitation
of excluding statistical noise. Based on the stochastic frontier analysis (SFA), Ouyang et al. [14] analyzed
the factor allocative efficiency of China’s industrial sector, and estimated the energy savings potential
from the perspective of allocative inefficiency. Comparing with DEA, SFA has the limitation of
envelopment, but it is convenient to do parametric test. Another method to estimate shadow price
is parametric linear programming (PLP). It combines the envelope feature of DEA with parameters
nature of SFA, which is widely used to estimate DDF [17,19]. For instance, Kumar et al. [17] applied
quadratic function to approximate the distance function, and estimated the Morishima elasticity of
substitution between different fossil fuels and renewable resources.

In this paper, we are extending the work of Ouyang and Sun [14], Sheng et al. [16] and
Kumar et al. [17] to include energy structure. Firstly, an energy-input DDF is established to evaluate
total factor energy efficiency. Next ,we break down the shadow price into four sources of energy. Similar
to Kumar et al. [17], by adopting PLP, we set up a macro-energy index in China and divide energy
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inefficiency into three parts, energy technical inefficiency in each area, energy efficiency loss in each area
due to irrational input structure and allocation inefficiency due to energy misallocation nationwide.

3. Methodology

3.1. Energy Efficiency and Directional Distance Function

Firstly, we assume that in each province there are J types of energy input, e = (e1,e2,--- ,¢j) € Rj“,
N types of other input, x = (x1,x2,---xN) € R;\;, and M kinds of output, vy = (y1,¥2,---ym) € R;(A.
Therefore, energy technology is represented by production possibility set T.

T ={(x,e,y): (x,e) can produce y} 1)

where T, as a set containing all possible input—output vectors, is constructed for describing technical
efficiency of production. According to production theory, T is assumed as a closed finite set. Besides,
both inputs and outputs should have the property of strong disposability. That means, if (x',¢’) > (x, )
and y’ < y, then (x/,¢/,y) e T.

Aiming at remanding the neglect of definition and measurement of energy efficiency,
Zhou et al. [22] defined the energy-input based Shephard Distance Function.

Di(x,e,y) = sub{«|(x, e/, y) € T} )

According to production theory, the energy-input based Shephard Distance Function has two
features. One is Dy(x,e,y) < 1. The other is that Dj(x, ¢, y) is a homogeneous linear function of energy
input. Meanwhile, energy-input based directional distance function reflects the maximal cuttable ratio
of energy input when technique and other factor inputs (i.e., labor, capital, efc.) remain [23]. Therefore,
e/Di(x,e,y), as the energy input when the maximal energy efficiency occurs in the area, is the optimal
energy input theoretically.

Assuming that g, is direction vector and g. # 0, the energy-input based directional distance
function is

BI(x, e, ;%) =max{p : (x,e —Pge,y) € T} (3)

Corresponding to the homogeneity of the energy-input based Shephard Distance Function, the
feature of the energy-input based directional distance function is

Bz(x,e — Bge Y; &) = BI(x, ey)— P 4)

Let g = ¢, the relation between directional distance function and the energy-input based
Shephard Distance Function could be calculated.

Di(x,e,y;e) =sup{P: Di(x,e—Be,y) <1}

— sup{B: (1-B)Di(x,e,y) <1}

1 ©)

=sup{B:B<l-7 }

1(x,e,y)
1
B . S
Di(x,e,y)

Directional input distance function should satisfy the following constraints as well.
Ife > e,thenBI(x,e’,y) > Bl(x,e,y) (6)

If Di(x,e,y;8.) <1l,andx > 1, then D;(x, oe,y) <1 (7)
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3.2. Energy Shadow price Evaluation

Shadow price of energy reflects both the scarcity and marginal use value of energy. Moreover, the
scarcity of energy is pivotal for working out reasonable energy price, regulating the supply—demand
relation of energy market and promoting enterprises to raise the energy using efficiency. As a result,
decomposition of energy efficiency is analyzed by shadow price in this paper.

Dual relation between maximized profit function and energy-input based directional distance
function should be considered for calculating the shadow price of energy input. We assume that price
of ] types of energy inputs are p = (p1,p2,---,pj) € R;r, price of M types of other input factors are
q9=1(1,92,--,9M) € RIJ\“A, price of N types of outputs are w = (wq, wy, - - - , W) € R;\r]. Then the profit
function is

(g, p, W) = MaxXyey {wy —qx —pe:ee T} (8)
The profit function means that producer would earn the maximal profit when the output is given

and all the factors except energy remain. Because Dj(x,e,y;8.) = 1 be equivalent to e € T, profit
function could be converted as
7(q, p,w) = maxy,,{wy —qx — pe : Di(x,e,y;8) > 1} )

It is feasible to reduce energy input along the direction g. Thus profit, function could be
converted as

(g, p,w) = (wy —qx —pe) + p x Di(x,e,y;8e) x e (10)
The surplus receipt is the value of conserved energy. After transposition,
g n(q, p,w) — (wy — gx — pe
Di(xe,y;0) < P ) ;gy qx — pe) 1)
e

Therefore, the defined directional distance function is

(g, p,w) — (wy — qx — pe) } "

Di(x,e,y; 8e) = miny, { >
e

Envelope theorem is applied in Equation (12). Then the shadow price model is

IDi(x,eyi8) _ P (13)

oe Pge

oDy(x,e,y;8) _ —w <0 (14)
% Pse
Therefore, if the price of the jth output is w;, the shadow price of the ith type of energy could

be calculated.

pi _ 9Di(x,¢,y;8¢)/0(ei)
Yi aDi(x,e,y;8)/0y))

(15)

3.3. Parametric Forms of Directional Input Distance Function

Translog function is commonly introduced for parameterizing Shephard Distance Function but
not directional distance function because the form of translog function cannot be limited to satisfy the
transfer properties. Moreover, quadratic function is the second-order approximate of an unknown
distance function, which could perfectly satisfy the properties of directional distance function [24].
Therefore, energy efficiency is estimated by quadratic directional distance function.
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—t N M J
Di(x} e}, y};8e) = o+ Zl By + 21 O Yy + '21 Y€k
n= m= =

1N 1M
+ ot b [0¢ + set et
2;121 nZl Brns X Xk Zle le mm ymkymk ]leZ Yijj'€ikCjk (16)
N
+ Zl Z SmXpy Y ke + Z Z Nnj nke]k+ Z Z Hm]ymke]k
n m=1 n=1 ]_

where & = g + Z Dgi Sy + Z Dt Time;.
t=1
Parameter hnear program was used for the estimation of quadratic directional distance function

in this paper according to Yuan [24] and Wang et al. [25].

maxZ 2 [ xk, ek,yk,ge) ] 17)

t=1k=1

S.t

(1) Energy-input based directional distance function

—t
Dy(x}, e, Yiige) <1 (18)
(2) Monotonicity in inputs
Shor
oD;(xt, e, vyh;
i kaxg Yii8e) 19)
1
S
oD (xy, e, Yo
1(X} € Yy 8e) >0 20)
8ei
(3) Monotonicity in outputs
aD 7 7 7
e <o @
i
(4) Homogeneous linear restriction
J
2vi=1
j=1
M ]
2 Oyt = 2 Wjym=1,---M
m=1 j=1
J M (22)
Z Yjjir = Z Hmj, ] = 1, J
=1 m=1
M J
Z 6nm’ = Z nnj/n =1, N

3
I
—
-
I
_

(5) Symmetry of quadratic form
Bnn’ = Bn’nrn # 71/,‘
! = Oty M 7 1 (23)

Yip =Yyjrd # 1
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Therefore, shadow price of the i-th type of energy is

st
aD tl t/ t; a ;
pi = Jt(xk O Y 8e)/ (ez)w 4)

oD (x, el yt; 8e)/0(y)

Energy efficiency of the corresponded area is

1

F(x,e,y) = 7D1(x, o)

-1-p (25)

3.4. Establishment and Decomposition of Overall Energy Efficiency

Referring to the research of Li and Ng [26], a national index was constructed and called national
energy efficiency. To build the index, the first step is to construct a virtual area, where the input

I
and output of the area equals to national average. That is to say, x* = > x;/I = x°/I and

I
e* = 3 e;/I = ¢°/I are national input, while y* Z y;/I = y°/I is national output. When T is
i=1
convex, national energy efficiency equals to the energy efficiency of the virtual area. Therefore, the

national energy efficiency is: H(x%,¢%, %) = 1 — B*.
According to Li and Ng [26], the first factor equals to the sum of the minimal energy shadow

I
input of all areas, R™F = 3 F(x;,e;,y;) x (p* x ¢;), divided by the shadow price of total real energy
i=1

input, R = p* x ¢°. The factor equals to the weighted average of technical efficiency index of each
area as well.

I
RTE Z F(xj e;,yi) x p* x ¢ I
ATE = o == = >, TiF(xi i, ¥i) (26)
i=1

RO P* x e0
where p* is the shadow prices of minimal energy shadow input in China.
The second factor equals to the minimal real energy shadow input of each area,
RAE Z F(xj, e, yi) x p; x e;, divided by the sum of the minimal energy shadow input of all areas.

Therefore, misallocation of available energy due to the price, which is called allocation efficiency of
energy input structure, would lead to efficiency loss of energy structure.

I
RAE ‘Zl tr;
1=

where tr; = min {p; x ¢; : (x;,¢;,y;) € T}.

The third factor is the efficiency loss due to energy misallocation among areas. For example, when
area A is under the condition of increasing returns to scale, while area B is under the condition of
decreasing returns to scale, energy flows from area A to B would lead to the raise of total output. By
eliminating the effect of the first two factors from total energy efficiency, the impact of misallocation is

RE _ H(x*’e*/y*) X (p* X eo)
o RAE

(28)

where RE is inter-provincial energy allocation efficiency index. Based on the definitions above, national
energy efficiency could be decomposed as

H(x% % %) = ATE x AAE x RE (29)
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4. Data

After dropping the data of Hong Kong, Macau, Taiwan and Tibet, data of 30 areas from 1998
to 2012 are selected to make an input-output panel for empirical study. All data come from China
Statistical Yearbook [27] and China Energy Statistical Yearbook [28].

The variables include the inputs (labor, capital stock and energy consumption), and an output
(gross regional product). In previous studies, labor force was widely used as the index of labor
input. However, human capital is a better index on measuring the contribution of labor during
production [29]. Thus, the index in this paper is the number of the employees weighted by average
education attainment of different areas at the end of the year. As for the capital stock, we introduce the
permanent inventory method to estimate the capital input. According to the research [30], investment
of fixed capital is selected as the investment index of the year. By constructing the price index of
investment in the fixed assets from 1952 to 2010, the real investment prices of areas are calculated.
The model for capital stock accounting is

Ki=1+ (1 — S)Kt—l (30)

where K; is the stock of capital in period ¢, 6 is depreciation rate, and I; is the amount of investment in
period t.

Data of merely energy consumption of each area come from China Energy Statistical Yearbook [28].
After categorizing the data into four main types, including coal, oil, gas and electricity (i.e., hydropower
and nuclear power) based on energy balance sheet of each area, the measurement unit is converted
to 1000 Tce by heat quantity. Specifically, data of Hainan in 2002 and data of Ningxia from 2000 to
2002 are estimated based on other data of the area. Gross regional product of each area is selected as
the output in this paper. To eliminate the effect of price factor, we use gross regional product deflator.
All nominal variables are deflated to real variables by using a price index for the year 2000.

In Figure 1 we will show the total energy consumption in China from 1998 to 2012, while sort out
the descriptive analysis of total input and output in Table 1.

350,000.00
300,000.00
250,000.00
200,000.00

150,000.00

100,000.00
oo | | ] ARNRNN
o

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

H Coal mOil Natural gas Electic power

Figure 1. Total energy consumption in China.
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Table 1. Descriptive analysis of total input and output.

Count Mean SD Min Max

Coal (Tce) 450 6365.87 5337.52 121.81 27,992.19

Qil (Tce) 450 1559.95 1559.51 82.33 8532.70

Natural gas (Tce) 450 277.54 348.70 0.00 2330.96

Electic power (Tce) 450 341.49 437.86 0.00 2963.72

Labor (10,000 persons) 450 2395.31 1610.40 254.80 6554.30
Capital (100 million yuan) 450 18,670.77  18,031.69 95321  110,485.88
GNP (100 million yuan) 450 6645.87 6667.03 223.88 42,876.30

Note: (1) Electric power only consists of hydropower and nuclear power, excluding the electricity generated from
coal and gas. (2) Some regions did have little natural gas or electric power consumption in 1990s. For example,
Neimenggu had little hydropower and nuclear power from 1998 to 2000, and Zhejiang had no natural gas
consumption in 1998.

5. Results and Discussions

5.1. Estimated Results ANALYSIS

In Table 2, we standardize the process of input and output data of 30 areas in China from 1998 to
2012, then estimate the parameters of the directional distance function by linear programming model.

Table 2. Parameter estimation of quadratic directional distance function.

Parameter Estimated Value Parameter Estimated Value Parameter Estimated Value
o4 —0.1485 Y11 —0.1281 n13 —0.0087
X1 —1.4090 Y12 0.0686 N4 —0.1128
11 —0.1246 Y13 0.0443 n21 0.0192
B1 0.1523 Y14 0.0151 M2 —0.0456
Bo 0.3132 Y22 —0.0386 123 0.0241
[511 0.3786 Y23 —0.0292 M24 0.0023
B12 —0.1259 Y24 —0.0008 o1 —0.0022
B2 —0.0388 Y33 —0.0186 821 0.1035
Y1 0.5776 Y34 0.0035 K11 —0.0658
Y2 —0.0063 Y44 —0.0178 21 —0.0347
Y3 0.1422 11 0.0531 W31 0.0266
Y4 0.2864 12 0.0685 41 0.0739

5.2. Results Analysis of Shadow Prices

Shadow prices of factors reflect the marginal output of energy; in other words, the scarcity of
energy. When energy shadow price is higher than market price, firms would choose more energy
input for higher profit during production. Therefore, shadow price is the key to work out reasonable
energy price, regulate the supply-demand relation of energy market and promote enterprises to raise
the energy using efficiency.

On the perspective of national condition, shadow price of coal, gas and electricity kept stable
from 1998 to 2012. The shadow prices of the three types of energy decreased slightly annually before
2007, while had a modest rise since then. As shown in Figure 2, the shadow price of coal fluctuated
dramatically, though the price maintained at a level of 0.400. Meanwhile, shadow prices of gas and
electricity fluctuated around 0.150 and 0.100, respectively.
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Figure 2. Variation trend of shadow price of energy in China.

Remarkably, the shadow price of oil increase sharply, from 0.047 to 0.428 during the 15 years.
It means that the marginal output soared rapidly. Over the same period, the price of crude oils soared
from $20 per barrel in 1998 to $90 per barrel. Aiming at the increase on price of oil products in China,
we refer to the explanation of Zheng ef al. [31] and conclude the reasons as followed. For one thing,
the cost of oil processing would raise due to higher emission standard (Chinese emission standard
at Phase II to Phase VI) and higher requirement for oil quality. Moreover, improving the oil quality
would increase the marginal output and also the shadow price of oil. Furthermore, as the oil price
kept climbing, not only have small vehicles with low emissions become popular with consumers, but
they have also been supported by national policy like tax allowance (half purchase tax for household
car lower than 1.6 L). On such occasion, unit oil output would grow, and accordingly the shadow price
of oil would increase.

As is shown in Table 3, shadow price of the four types of energy differs from each other. On the
perspective of coal, areas with high shadow prices of coal (over 5000 Yuan/Tce) are Sichuan (0.822),
Beijing (0.564), Xinjiang (0.516), Chongqing (0.509) and Guangdong (0.504). For example, shadow
price of coal in Sichuan rose from 5330 Yuan/Tce to 18,020 Yuan/Tce, similar to Hunan, Beijing and
Guangdong. That means the marginal output of coal increases significantly. In contrast, areas with low
shadow price of coal (less than 3000 Yuan/Tce) are Hebei (0.184), Shanxi (0.192), Neimenggu (0.229),
Shandong (0.261) and Jiangsu (0.293). Out of these areas, shadow price of Hebei is the lowest, whose
value reached 560 Yuan/Tce, far lower than national average (3880 Yuan/Tce). Besides, shadow prices
of coal in Heilongjiang, Hebei and Neimenggu had the greatest reduction, which means the marginal
output of coal declined sharply in recent years.

As for oil, the areas with high shadow price of oil (over 3000 Yuan/Tce) include Hunan (0.351),
Henan (0.309), Guangxi (0.309), Yunnan (0.307) and Hebei (0.305). Namely, shadow price of Hunan rose
from 880 Yuan/Tce to 8450 Yuan/Tce, similar to that of Hubei, Henan, Jiangsu, Shanxi, Neimenggu,
Sichuan and Chongqing, which means that the marginal output increased remarkably. On the contrary,
areas with low oil shadow prices (less than 1500 Yuan/Tce) are Guangdong (0.054), Shanghai (0.097),
Beijing (0.142) and Jiangsu (0.150). Specifically, the shadow price of Guangdong, at only 540 Yuan/Tce,
is the lowest, far lower than the national average (2280 Yuan/Tce). Areas with growth rates that are far
from the national average include Guangdong, Shandong, Jiangsu, Zhejiang, Liaoning.
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Table 3. Shadow price of each area (Unit: 10,000 Yuan/Tce).

Coal QOil Natural Gas Electric Power

1998-2002 2003-2007 2008-2012 1998-2002 2003-2007 2008-2012 1998-2002 2003-2007 2008-2012 1998-2002 2003-2007 2008-2012
Beijing 0.447 0.514 0.733 0.041 0.140 0.245 0.104 0.084 0.050 0.198 0.206 0.251
Tianjin 0.405 0.384 0.398 0.057 0.191 0.324 0.092 0.085 0.083 0.192 0.191 0.211
Hebei 0.301 0.171 0.081 0.140 0.303 0.473 0.128 0.171 0.252 0.123 0.125 0.155
Shanxi 0.200 0.153 0.139 0.060 0.302 0.441 0.069 0.144 0.140 0.098 0.160 0.167
Neimenggu 0.342 0.249 0.096 0.107 0.250 0.402 0.110 0.116 0.157 0.171 0.176 0.212
Liaoning 0.393 0.310 0.323 0.073 0.203 0.250 0.102 0.115 0.118 0.159 0.164 0.204
Jilin 0.380 0.347 0.318 0.088 0.225 0.388 0.100 0.092 0.115 0.169 0.161 0.183
Heilongjiang 0.424 0.383 0.344 0.055 0.184 0.324 0.082 0.074 0.078 0.165 0.160 0.170
Shanghai 0.381 0.436 0.509 0.034 0.098 0.160 0.105 0.082 0.071 0.202 0.215 0.265
Jiangsu 0.350 0.269 0.261 0.103 0.177 0.171 0.120 0.147 0.236 0.109 0.145 0.273
Zhejiang 0.402 0.383 0.428 0.078 0.182 0.253 0.112 0.136 0.179 0.141 0.150 0.201
Anhui 0.372 0.323 0.255 0.142 0.286 0.437 0.108 0.107 0.119 0.100 0.083 0.085
Fujian 0.413 0.375 0.394 0.078 0.212 0.338 0.106 0.107 0.124 0.161 0.156 0.180
Jiangxi 0.411 0.378 0.351 0.106 0.256 0.441 0.099 0.096 0.107 0.136 0.120 0.113
Shandong 0.363 0.239 0.180 0.124 0.212 0.228 0.114 0.141 0.205 0.077 0.101 0.172
Henan 0.385 0.286 0.283 0.162 0.304 0.463 0.112 0.134 0.224 0.054 0.054 0.074
Hubei 0.407 0.402 0.412 0.128 0.268 0.431 0.111 0.112 0.145 0.101 0.084 0.097
Hunan 0.426 0.386 0.545 0.134 0.294 0.625 0.109 0.119 0.223 0.090 0.072 0.031
Guangdong 0.443 0.476 0.597 0.032 0.077 0.055 0.088 0.092 0.159 0.123 0.126 0.220
Guangxi 0.452 0.445 0.493 0.120 0.282 0.526 0.105 0.102 0.143 0.113 0.090 0.072
Hainan 0.425 0.452 0.489 0.065 0.201 0.384 0.088 0.060 0.022 0.190 0.181 0.170
Chongqing 0.459 0.499 0.569 0.080 0.222 0.423 0.091 0.080 0.081 0.157 0.155 0.167
Sichuan 0.573 0.664 1.229 0.102 0.226 0413 0.078 0.062 0.058 0.066 0.057 0.058
Guizhou 0.397 0.325 0.260 0.123 0.286 0.463 0.106 0.103 0.100 0.136 0.121 0.121
Yunnan 0.432 0.413 0.418 0.112 0.283 0.526 0.106 0.109 0.132 0.128 0.105 0.073
Shaanxi 0.424 0.422 0.432 0.090 0.217 0.347 0.096 0.077 0.067 0.147 0.142 0.163
Gansu 0.422 0.419 0.402 0.100 0.253 0.455 0.096 0.084 0.075 0.148 0.136 0.123
Qinghai 0.423 0.457 0.516 0.073 0.220 0.454 0.092 0.068 0.042 0.189 0.179 0.162
Ningxia 0.399 0.383 0.340 0.077 0.234 0.437 0.094 0.080 0.066 0.190 0.177 0.167
Xinjiang 0.465 0.522 0.561 0.037 0.152 0.321 0.076 0.043 0.017 0.189 0.189 0.195
Eastern 0.393 0.364 0.399 0.075 0.181 0.262 0.105 0.111 0.136 0.152 0.160 0.209
Central 0.376 0.341 0.324 0.101 0.253 0.414 0.096 0.102 0.119 0.127 0.125 0.132
Western 0.435 0.436 0.483 0.093 0.239 0.433 0.095 0.084 0.085 0.149 0.139 0.138
Total 0.405 0.375 0.384 0.093 0.225 0.367 0.102 0.102 0.122 0.143 0.139 0.161

Note: The data are divided into three periods. Due to the space limitation, we did not give all data in the body part, but shadow prices in each year can be found in the Appendix.
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On perspective of gas, areas with high shadow price of gas (over 1500 Yuan/Tce) are Hebei (0.183),
Jiangsu (0.168), Henan (0.156), Shandong (0.153) and Hunan (0.150). Specifically, shadow price in
Heibei is always higher than national average, increasing significantly in recent years, which is similar
to Shanxi, Neimenggu, Zhejiang, Shandong and Henan. On the contrary, areas with low gas shadow
prices (less than 800 Yuan/Tce) include Xinjiang (0.045), Hainan (0.056), Sichuan (0.066), Qinghai
(0.067), Beijing (0.079) and Heilongjiang (0.078). For example, shadow price of Xinjiang decreased from
a low value recently.

When it comes to electricity (i.e., nuclear power and hydropower), areas with high shadow price
of electricity (over 2000 Yuan/Tce) include Shanghai (0.227) and Beijing (0.218). Besides, other areas
such as Tianjin (0.198), Neimenggu (0.186), Hainan (0.180) and Xinjiang (0.191) have high electricity
output. In contrast, areas with low shadow price of electricity (less than 1.000 Yuan/Tce) include
Sichuan (0.060), Henan (0.061), Hunan (0.064), Anhui (0.089), Hubei (0.094) and Guangxi (0.092).

Based on previous studies, we categorize energy into four types, finding that shadow prices of the
same type of energy differ in different areas, which also shows marginal output of energy in different
areas varies. For example, when shadow price of coal reached 18,020 Yuan/Tce in Sichuan, shadow
price of coal in Hebei is only 550 Yuan/Tce. In a perfectly competitive market, price of the same type of
energy should be the same. This situation indicates the existence of trade barrier, which means energy
factor is not complete circulation in different regions.

Besides, in areas with rich energy resources, energy marginal output is low in most areas.
For example, in Shanxi and Neimenggu, the major coal producing provinces, coal shadow prices are
lower than national average. This result is similar to the conclusion that the richer energy resource
is, the lower energy price is [32], due to the lack of an integrated energy market. This factor has
seriously hindered the scale economy of regional industries and has resulted in the loss of total factor
energy efficiency.

Meanwhile, in Guangdong, Shanghai and Beijing, areas with large amount of oil importation,
processing and consumption, marginal output of oil is lower than national average. Obviously, there are
not rich resources in these areas. However, since most state-owned large petrochemical project located
in these areas due to policy support, oil efficiency is too low to save resources. Therefore, compared with
the lack of energy resources, misallocation of factor market resulting from administrative interference
leads to the inefficiency of energy more seriously [33].

5.3. Results Analysis of Energy Efficiency

According to the average data value of the past years, areas with high energy efficiency are
Qinghai (0.972), Ningxia (0.970), Guangxi (0.942), Gansu (0.952), Sichuan (0.952) and Hainan (0.951).
Energy efficiencies of all these areas are higher than 0.950. On the contrary, areas with low energy
efficiency are Liaoning (0.724), Yunnan (0.783), Jiangsu (0.806), Neimenggu (0.814) and Guizhou (0.845).
Energy efficiencies of all these areas are lower than 0.850. All the Energy efficiency of each province
and national energy efficiency decomposition is disposed in Table 4 and Figure 3.

The sorted result is consistent with results from other research [12,34]. Besides, total factor energy
efficiency of Jiangsu, Guizhou, Shandong and Beijing shows an increasing tendency in fluctuation,
reaching an advanced level of the country, especially Jiangsu, whose value increased from 0.413 to
1.000 during the 15 years. In contrast, there is a significant decline of energy efficiency in Liaoning,
Yunnan, Xinjiang and Zhejiang. For example, total factor energy efficiency of Xinjiang is far lower than
the national average due to the decreased fluctuation from 1998.
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Table 4. Energy efficiency of each province and national energy efficiency decomposition.

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Beijing 0797 0851 0.848 0925 0929 0950 0975 0949 0966 0976 0988 0990 1.000 1.000  0.994
Tianjin 0846 0870 0.875 0.890 0943 098 0983 0989 0976 0972 098 1.000 0947 0978 0972
Hebei 0863 0932 0947 0991 1000 1.000 0993 0771 0.898 0928 0991 1.000 0853 0.810 0.821
Shanxi 0899 0975 1.000 0698 0916 0921 0933 0970 0968 0920 0963 0.895 0909 0948 0926
Neimenggu  0.894 0924 0946 0969 0984 1.000 088 0.841 0770 0706 0632 0579 0.640 0.687 0.756
Liaoning 0.658 0.629 0.608 0.694 0845 0889 1.000 0758 0.788 0.802 0.857 0.847 0.644 0512 0.335
Jilin 0.884 0921 0953 0974 1.000 0977 0991 0911 0907 0818 0926 0975 0999 1.000  0.998
Heilongjiang  0.789  0.834 0.895 0942 1.000 0997 0989 0955 0884 0918 0964 0869 0861 0871  0.962
Shanghai 0.833 0855 0883 0948 0979 1.000 0968 0899 0859 0.882 0900 0.891 0944 1.000 0.942
Jiangsu 0413 0520 0598 0684 0761 0810 0.828 0.887 098 1.000 0919 0952 1.000 1.000  0.740
Zhejiang 0861 0933 0982 1.000 0967 0993 0964 0908 0930 0969 1.000 0979 0816 0.746  0.658
Anhui 0714 0747 0756 0777 0800 0788 0.839 0.845 0858 0.879 0.891 0921 0982 1.000 0.941
Fujian 0815 0853 0883 0906 0949 0986 0993 0877 0910 0960 0955 1.000 0.853 0911 0.870
Jiangxi 0794 0826 0859 0870 0892 0903 0887 0864 0875 0878 0908 0937 0920 1.000 0974
Shandong 0723 0835 0965 0923 1.000 0977 0979 0442 0605 0740 0.788 0.896 0928 1.000  1.000
Henan 1.000 0968 0850 0891 0911 0920 0779 0752 0792 0.872 0919 1.000 0933 0944 0.850
Hubei 0.895 0922 0936 1.000 1.000 0967 0943 0.843 0801 0790 0722 0750 0915 0915 0.876
Hunan 0798 0921 0981 0984 091 1.000 0910 0765 0768 0.794 0.825 0.867 0927 0931 1.000
Guangdong  0.843 0934 0924 0977 1000 0963 1.000 0960 1.000 1.000 0942 0.698 1.000 1.000 0.585
Guangxi 0922 0957 0958 0975 1.000 0988 0930 095 0927 0929 0961 0978 0975 0.953  0.936
Hainan 0865 0926 0905 0932 0920 0914 0913 0967 0959 1.000 0982 0994 0990 0.995  1.000
Chonggqing 0689 0671 0.678 0883 0914 0995 1.000 0848 0849 0876 0791 0.838 0.863 0909 0944
Sichuan 0786 0.884 0968 1.000 0987 0908 0904 0989 0978 0994 0966 0929 1.000 1.000 0.981
Guizhou 0734 0799 0797 0758 0783 0750 0.741 0.847 0829 0852 0909 0927 0965 0.992  1.000
Yunnan 0821 0867 0.885 0.893 0887 0844 1.000 0.68 0725 0704 0.693 0700 0.695 0.680  0.668
Shaanxi 0929 0988 1.000 0968 0936 0952 0.838 0941 0915 0872 0838 0860 0797 0.799  0.802
Gansu 0924 0936 0955 0998 1.000 0982 0952 0940 0931 0934 0935 0928 0971 0948 0948
Qinghai 0942 0943 0969 1.000 0992 0989 0972 0980 0979 0990 0983 1.000 0971 0942 0934
Ningxia 0980 1.000 0982 0964 0946 0929 0973 1.000 0981 0926 099 0993 0984 0.950  0.949
Xinjiang 0964 0973 1.000 0914 099% 0976 0927 0.884 0853 0.839 0846 0.821 0711 0594 0450
Eastern 0774 0831 0856 0897 0936 0952 0963 0855 0.898 0930 0937 0932 0907 0905 0.811
Central 0.855 0.890 0.894 0886 0930 0923 0909 0888 0.881 0.884 0909 0918 0939 0959 0941
Western 0871 0904 0922 0938 0948 0938 0920 0901 088 0875 0868 0.868 0.870 0.859  0.852
ATE 0802 0851 0.872 0814 0935 0937 0928 0827 0857 0878 0.885 0.883 0.886 0.885  0.822
AAE 0968 0964 0959 0964 0930 0918 0.892 0.88 0.857 0.809 0.842 0.842 0.866 0.872  0.879
RE 1171 1158 1.160 1237 1150 1.156 1.168 1218 1.199 1216 1171 1164 1.093 1.043 1.054

H 0909 0950 0969 0972 1.000 0994 0968 0893 0.882 0864 0872 0.865 0.838 0.805 0.761

13 of 23
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Figure 3. Total factor energy efficiency in China.

Based on the condition of the three regions, efficiency of the east area have fluctuated greatly with
the decline in recent years. The efficiency drops from 0.937 in 2008 to 0.811 in 2012, illustrating the
rise of extensive development mode. In the middle area, the result of significant decline is similar to
the result of Li et al [12]. Li believes that the reason for the sharp decline is the drop of management
efficiency in the middle area. On the contrary, energy efficiency performs well, even though the
support policy is not as good as in the east area and energy endowment is not as good as that in the
middle area. According to Lin et al [23], the result is due to the contribution of western development
policy on energy efficiency.
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Figure 4. Variation trend of national energy efficiency and its decomposition.

Figure 4 shows the variation trend of national efficiency and its decomposition. As we see,
macro-energy efficiency index (H) presents an invert U [35,36], which steadily rises from 1998 to 2003.
After reaching the peak in 2002 and 2003, the energy efficiency keeps declining, even lower than 0.800
(i.e., 2007: 0.761) in recent years. These results imply that extensive mode of energy consumption rises
in recent decades and the total energy utilization is not in an optimistic condition.

By decomposing macro-energy efficiency index (H) into intra-provincial technical efficiency (ATE),
allocation efficiency of energy input structure (AAE) and inter-provincial energy allocation efficiency
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(RE), we found that ATE has similar trends to macro-energy efficiency nationwide, which presents
an invert U as well. Moreover, the value of ATE decreases sharply recently, which is consistent with
the result that technical inefficiency tends to increase [3]. AAE drops from 96.8% to 80.9% in the ten
years since 1998 and presents a V. Not until 2008 did the value start to rise again and go back to 0.879.
This fluctuation indicates that the improvement of energy structure could raise the energy efficiency
effectively. Therefore, it is crucial for the government to adjust the policy of energy structure, which has
already achieved some results. As for RE, its value is 1.171 in 1998, which means that energy allocation
efficiency could increase by 0.170 if energy could flow freely among areas. Since 1998, energy allocation
efficiency among areas increased in fluctuation, so that RE decreased from 1.171 to 1.054 during the
15 years accordingly. These results imply that marketization could break the inter-provincial energy
barrier. During the past decades, liberalization in energy markets has developed remarkably.

6. Conclusions

In this paper, an energy-input based directional distance function was established for measuring
total factor energy efficiency and shadow price of four types of energy (i.e., coal, oil, gas and electricity)
among 30 areas in China from 1998 to 2012. Moreover, a macro-energy efficiency index in China was
estimated and divided into intra-provincial technical efficiency, allocation efficiency of energy input
structure and inter-provincial energy allocation efficiency. The main conclusions are as follows:

e By extending the work of prior research, we break down the shadow price into four sources of
energy, and find that the shadow prices of different kinds of energy are quite different, and the
same kind of energy also has different shadow prices in different regions. The situation indicates
the existence of energy trade barriers among regions and the different contribution of the several
types of energy to economy.

e Among the kinds of energy mentioned, the shadow price of oil has climbed dramatically, which
means the efficiency of oil consumption has greatly improved. The increasingly rigid vehicle
emissions standards and increasing tax allowance on smaller vehicles, may lead to the increase of
marginal oil output.

e Inareas with rich energy resources, energy marginal output is low in most areas due to the lack of
an integrated energy market, resulting in the reduction of total factor energy efficiency. Besides,
misallocation of factor market owing to administrative interference remarkably brings about the
inefficiency of energy.

e  Both the structure of energy input and inter-provincial allocation of energy impact on energy
efficiency. Increasing values of the two indices in recent years imply the effect of China’s adjusted
energy policy. Inter-provincial energy barrier will be broken for the marketization of energy factor
and better negotiability of energy among areas. Specifically, it is of great necessity to realize
marketing disposition of energy, energy structure adjustment and energy efficiency improvement
for achieving reduction goal of carbon emission.

Thus, we call for a reform on energy factor market, in order to reduce the impact of administrative
interference and make the market allocation effective. Besides, we suggest a need for greater
environment regulation and greater emission standards to improve the total factor energy efficiency.

There are some limitations in this paper. First of all, the energy categories are roughly defined,
which can be better classified in future research. Besides, we do not discuss carbon dioxide or other
byproducts and, thus, may neglect the influence of bad outputs. Furthermore, the lack of a comparison
between market prices and shadow prices needs to be extended in the future.
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Appendix

Appendix Al. Efficiency Decompositon Framework

According to Figure Al, a typical province could only reach point a instead of the production
frontier of the province. Similarly, a country, as a whole, could only reach Point B instead of Point D
in Figure A2. To reach the national optimal Point D, it is vital to improve the technical efficiency

RTE
of the province, which means that ATE = R0 achieves the optimal value and Point A is replaced
by Point B. Then, improving provincial allocation efficiency is of great importance as well, which

AE
means AAE = RTE achieves the optimal value and Point B moves to Point C. Finally, interprovincial

. . . . H . .
efficiency is to increase, which means RE = RAE reaches the optimal value and Point C moves to
Point D.
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Figure A1. Production frontier of a province.
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Figure A2. Production frontier of a country.

Appendix A2. Depreciation Rate of Different Areas

We introduced the value of depreciation rate according to Wu's research [37], where the value of
depreciation rate differs from areas as is in Table Al.
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Table Al. Depreciation rate of different areas.

17 of 23

Province Beijing Tianjin Hebei Shanxi Neimenggu liaoning Jilin Heilongjiang  Shanghai Jiangsu
Depreciation rate (%) 34 3.7 4.3 4 4.3 5.8 5.1 6 34 42

Province Zhejiang Anhui Fujian Jiangxi Shandong Henan Hubei Hunan Guangdong  Guangxi
Depreciation rate (%) 4 5 4.5 3.7 5 41 45 4.5 6.9 3.3

Province Hainan Chongqing  Sichuan Guizhou Yunnan Shaanxi Gansu Qinghai Ningxia Xinjiang
Depreciation rate (%) 2.2 4.6 4.6 2.8 2.7 3.3 2.7 24 2.8 2.6
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Appendix A3. The Shadow Price of Each Energy from 1998 to 2012 are as Follow

Table A2. The shadow price of coal.

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Beijing 0437 0442 0451 0442 0463 0461 0486 0511 0541 0569 0.628 0.678 0721 0.763  0.876
Tianjin 0405 0406 0412 0408 03%9% 0395 038 0378 0381 0384 038 0382 0403 0400 0421
Hebei 0326 0316 0307 029 0265 0233 0204 0173 0135 0.111 0.094 0.080 0.103 0.056  0.070
Shanxi 0321 0324 0313 0209 0250 0226 0196 0182 0161 0.000 0.147 0149 0.166 0.126  0.108

Neimenggu 0358 0351 0344 0336 0322 0305 0271 0239 0220 0208 0158 0153 0.136 0.034 0.000
Liaoning 0380 0418 0407 0398 0361 0338 029 0330 0311 0276 0269 0247 0317 0351 0432
Jilin 0391 0384 0382 0375 0369 0363 0351 0343 0332 0346 0331 0329 0325 0291 0312
Heilongjiang 0426 0430 0426 0424 0416 0402 0379 0379 0382 0374 0344 0374 0362 0335 0.306
Shanghai 0383 0376 0384 0379 0384 038 0410 0432 0471 0481 0478 049 0505 0507  0.559
Jiangsu 0361 0351 0352 0346 0337 0330 0298 0246 0231 0241 0265 0271 0276 0219 0.277
Zhejiang 0408 0404 0401 039 0403 0405 03% 039 0375 0355 0363 0380 0440 0465 0491

Anhui 038 0380 0373 0363 035 0343 0335 0324 0314 0297 0283 0264 0249 0238 0.239
Fujian 0422 0416 0413 0414 0402 0388 0381 0378 0371 0354 0360 0349 0432 0394 0436
Jiangxi 0413 0412 0409 0411 0407 0392 0381 038 0373 0355 0359 0349 0361 0334 0.352
Shandong 0381 0370 038 035 0322 0302 0270 0246 0201 0179 0.162 0172 0181 0.183  0.200
Henan 0392 0393 038 038 0369 0354 0325 0277 0252 0222 0229 0237 0268 0258 0423
Hubei 0411 0409 0411 0403 0399 0393 038 0415 0415 0400 0480 0472 0373 0338 0.398
Hunan 0418 0430 0436 0420 0426 0405 0401 0376 0377 0370 0431 0458 0557 0561 0.716

Guangdong 0450 0443 0438 0440 0445 0449 0449 0469 0488 0527 0563 0732 0560 0514 0.615
Guangxi 0449 0448 0451 0453 0461 0461 0449 0432 0442 0441 0465 0455 0476 0516  0.555
Hainan 0428 0413 0424 0425 0435 0446 0456 0448 0460 0451 0465 0459 0473 0526 0523
Chongging 0459 0465 0480 0446 0447 0458 0465 0509 0526 0536 0548 0545 0578 0557  0.615
Sichuan 0533 0565 0572 0594 0603 0594 0612 0658 0711 0745 0741 0798 1.099 1.802 1.707
Guizhou 0391 0392 0394 0408 0400 0371 0347 0321 0299 0287 029 0274 0265 0245 0221
Yunnan 0428 0431 0437 0434 0431 0423 0436 0421 0392 0393 0399 0378 0397 0432 0484
Shaanxi 0408 0414 0427 0435 0439 0430 0453 0390 0405 0429 0448 0426 0435 0431 0421
Gansu 0426 0425 0425 0417 0414 0416 0416 0421 0424 0420 0415 0434 039 0377 0391
Qinghai 0419 0421 0423 0420 0432 0441 0453 0464 0465 0461 0466 0474 0502 0551  0.590
Ningxia 0402 0.402 0400 0397 039 0392 0393 0374 0373 0382 0358 035 0345 0314 0.324
Xinjiang 0445 0448 0447 0516 0467 0481 0506 0523 0544 0555 0541 0509 0567 0591  0.596
eastern 0398 03% 0398 0390 0383 0376 0366 0364 0360 0357 0367 038 0401 0398  0.446
central 03% 0393 0391 0374 0375 0365 0351 0344 0336 0306 0330 0329 0322 0306 0.333
western 0429 0433 0436 0441 0437 0434 0436 0432 0436 0442 0440 0436 0472 0532  0.537
Total 0408 0408 0409 0402 0398 0389 0381 0374 0369 0359 0369 0375 0389 0380 0.408
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Table A3. The shadow price of oil.

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Beijing 0.005 0.022 0.042 0061 0078 0106 0122 0142 0157 0175 0.187 0211 0240 0.283  0.303
Tianjin 0.014 0.035 0.051 0079 0106 0131 0.160 0189 0222 0253 0281 0313 0318 0337 0371
Hebei 0.091 0113 0137 0.164 0194 0226 0261 0309 0345 0376 0405 0448 0475 0505 0.532
Shanxi 0.075 0.09¢ 0123 0.188 0195 0229 0263 0292 0325 0403 0377 0406 0431 0476 0515
Neimenggu 0.054 0.080 0105 0.133 0163 019 0223 0254 0280 0303 0339 0360 0387 0442 0481
Liaoning 0.042 0.042 0.061 0093 0125 0154 0210 0193 0214 0246 0260 0288 0253 0.239  0.209
Jilin 0.035 0.061 0.087 0114 0141 0169 0202 0224 0251 0282 0323 0353 0376 0416 0473
Heilongjiang  0.015 0.033 0.051 0.076 0101 0129 0.161 0183 0216 0231 0281 0304 0326 0345 0.364
Shanghai 0.000 0.019 0.034 0051 0066 0.082 0.09 0102 0101 0113 0135 0149 0.160 0.172 0.184
Jiangsu 0.069 0.088 0100 0.120 0139 0154 0173 0184 018 0.189 0.188 0194 0174 0.171 0.128
Zhejiang 0.039 0.057 0.076 0.097 0122 0141 0.164 0184 0201 0222 0247 0263 0239 0243 0.273
Anhui 0.089 0114 0141 0169 0197 0227 025 028 0316 0347 0380 0413 0441 0467 0.486
Fujian 0.030 0.053 0.077 0.103 0127 0153 0.177 0213 0245 0271 0313 0334 0323 0336 0.383
Jiangxi 0.057 0.081 0106 0129 0158 018 0.225 0252 0288 0327 0365 0409 0441 0468  0.523
Shandong 0.084 0105 0115 0143 0173 018 0202 0211 0223 0238 0259 0251 0221 0218 0.190
Henan 0.108 0.133 0.164 0.188 0217 0245 0277 0305 0332 0360 0394 0437 0469 0489 0.526
Hubei 0.078 0101 0127 0155 0180 0207 0240 0267 0303 0321 0366 0401 0421 0450 0.516
Hunan 0.089 0106 0128 0.161 0.184 0219 0258 029 0331 0364 0452 0509 0.624 0.693 0.845
Guangdong  0.000 0.013 0.035 0.049 0062 0077 008 0082 0081 0060 0067 0000 0068 0.068 0.071
Guangxi 0.066 0.092 0120 0147 0175 0211 0247 0273 0318 0360 0417 0459 0508 0.59  0.650
Hainan 0.012 0.044 0.065 0.090 0114 0138 0.165 0202 0234 0268 0304 0347 0386 0415 0.468
Chongging 0.033 0.054 0.076 0106 0133 0156 0.182 0223 0256 0291 0342 038 0428 0454 0.504
Sichuan 0059 0.076 0102 0123 0148 0181 0209 0229 0241 0270 0316 0329 0294 0554 0570
Guizhou 0.069 0.091 0120 0.153 0.184 0221 0258 0281 0319 0351 0381 0423 0459 0503 0.551
Yunnan 0.060 0.084 0.111 0137 0168 0203 0237 0291 0322 0364 0413 0460 0500 0578 0.681
Shaanxi 0.049 0.070 0.087 0.109 0134 0159 0174 0231 0250 0271 0284 0322 0344 0373 0410
Gansu 0.046 0.072 0.095 0.126 0158 0180 0220 0250 0.287 0326 0370 0420 0450 0491 0.546
Qinghai 0.022 0.047 0.073 0.099 0123 0150 0.183 0215 0254 0298 0337 038 0452 0513 0579
Ningxia 0.025 0.050 0.076 0103 0131 0160 0.191 0232 0270 0315 0344 038 0431 0487 0533
Xinjiang 0.000 0.024 0.047 0026 0091 0112 0128 0147 0172 0202 0247 0304 0318 0344 0.393
eastern 0.035 0.054 0.072 009 0119 0141 0.164 0183 0201 0219 0241 0254 0260 0272 0.283
middle 0.059 0.083 0108 0.139 0163 0191 0223 0251 0283 0317 0349 0384 0411 0441 0484
western 0.044 0.067 0.092 0115 0146 0175 0205 0239 0270 0305 0345 038 0416 0485 0.536
Total 0.048 0.069 0.091 0117 0143 0170 0.198 0225 0251 0280 0311 0341 0361 0393 0.428
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Table A4. The shadow price of natural gas.

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Beijing 0.112 0.107 0.106  0.100 0.094 0.096 0.088 0.084 0.077 0.073 0.059 0053 0.051 0.053 0.036
Tianjin 0.100 0.096 0.089 0.089 0.088 0.084 0.084 0084 0.08 0.085 0.084 0.088 0.078 0.079  0.087
Hebei 0124 0126 0126 0129 0134 0141 0153 0174 0188 0200 0212 0235 0250 0272 0.291
Shanxi 0.122 0119 0119 0.141 0128 0131 0135 0136 0139 0178 0.136 0.135 0132 0.145 0.152
Neimenggu  0.113  0.111 0109 0.108 0.108 0109 0.112 0117 0119 0121 0132 0135 0.144 0176 0.195
Liaoning 0117  0.099 0.092 0.098 0104 0107 0.132 0.104 0108 0121 0.128 0.142 0118 0110 0.091
Jilin 0.103 0.102 0101 0.099 0.097 0.095 0.096 009 0.08  0.092 0103 0.106 0108 0.120 0.136
Heilongjiang  0.089  0.085 0.079 0.079 0.077 0.076 0078 0072 0.075 0.067 0.082 0.078 0.077 0077 0.078
Shanghai 0.109 0109 0105 0.103 0.098 0.095 0.087 008 0.072 0.073 0076 0.075 0.073 0.069 0.064
Jiangsu 0.117 0120 0116 0.121 0125 0131 0.140 0.146 0152 0.168 0.185 0214 0232 0262 0.287
Zhejiang 0.115 0113 0109 0110 0116 0121 0129 0136 0143 0.153 0.168 0177 0.167 0.176  0.207
Anhui 0.110 0.108 0.107 0.107 0106 0106 0.106 0.106 0107 0109 0.112 0.116 0120 0124 0.122
Fujian 0.109 0.108 0.106 0.106 0103 0102 0.100 0.107 0112 0116 0.130 0.132 0112 0112 0.132
Jiangxi 0.105 0.102 0.100 0.096 0.094 0.091 0.097 0094 009 0100 0.102 0.108 0.106 0.106  0.113
Shandong 0.110 0112 0.107 0114 0125 0126 0.132 0137 0146 0162 0.18 0196 0193 0220 0.230
Henan 0.123 0111 0.110 0111 0114 0117 0124 0131 0141 0155 0.172 0198 0223 0245 0.280
Hubei 0.112 0110 0.111 0111 0109 0.108 0.111 0.110 0.117 0113 0121 0129 0.140 0.154 0.181
Hunan 0.115 0.109 0.106 0.109 0104 0108 0.114 0120 0124 0128 0.160 0177 0222 0249 0.308
Guangdong  0.087 0.085 0.089 0.08 0.09 009 0093 0087 0093 0092 0111 0089 0154 0.182 0.259
Guangxi 0.110 0.108 0.106 0.103 0.100 0102 0.102 0.09 0101 0106 0.116 0.123 0134 0.162 0.179
Hainan 0.093 0.095 0.090 0.08 0078 0.071 0.063 0.061 0.054 0.049 0.041 0037 0.027 0.005 0.000
Chongging 0.098 0.094 0.091 0088 0087 0.082 0.078 008  0.08 0.077 0.083 0087 0.083 0.079 0.075
Sichuan 0.086 0.081 0.079 0074 0071 0073 0.072 0.064 0.051 0.052 0.062 0054 0.000 0.080  0.094
Guizhou 0.111 0107 0.106  0.105 0103 0104 0.105 0.102 0104 0102 0.096 0.09 0.098 0101 0.107
Yunnan 0.110  0.108 0.106  0.102 0.102 0.103 0102 0113 0111 0113 0117 0122 0.121 0.137 0.162
Shaanxi 0.106 0101  0.095 0.09 008 0.081 0.070 0087 0.079 0.071 0.060 0.067 0.064 0.068 0.076
Gansu 0.099 0.099 0.094 0094 0093 0.084 0.087 0.084 0.08 0.080 0.080 0078 0.074 0.072 0.070
Qinghai 0.100  0.097 0.094 0.089 0.08 0.077 0.073 0.066 0.063 0.061 0.054 0.049 0.048 0.036  0.025
Ningxia 0.101  0.098 0.094 0.091 0087 0.083 0.079 0081 0.078 0.078 0.071 0.068 0.064 0.068 0.060
Xinjiang 0.089 0.087 0.084 0.047 0072 0.065 0.053 0.041 0.032 0.026 0.029 0038 0.015 0.001 0.000
eastern 0.109 0.106 0103 0.104 0105 0106 0.109 0110 0112 0117 0125 0131 0132 0.140 0.153
middle 0.106  0.104 0.102 0.104 0100 0.099 0.101 0.100 0102 0.108 0.108 0113 0.117 0.122 0.133
western 0.102 0.099 0.096 0.09 009 0.088 0.085 008 0.082 0.081 0082 0.084 0.077 0.089 0.09
Total 0.106 ~ 0.104 0.01 0.100 0100 0.099 0101 0101 0103 0107 0112 0116 0117 0.127 0.136
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Table A5. The shadow price of electric power.

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Beijing 019 0197 0198 0201 0200 0201 0199 0203 0209 0216 0226 0238 0250 0.258  0.285
Tianjin 0194 0192 0193 0192 0190 01%  0.1% 0190 0191 0192 0.195 0201 0208 0218 0.234
Hebei 0124 0125 0123 0122 0122 0123 0124 0121 0123 0131 0137 0143 0.150 0.165 0.181
Shanxi 0.167 0.165 0.163 0.164 0161 0159 0.159 0.159 0158 0.164 0.157 0.159 0167 0.172  0.178
Neimenggu 0175 0173 0171 0169 0.167 0170 0171 0.173 0178 0186 0.192 0204 0212 0219 0.231
Liaoning 0.165 0158 0.156 0.155 0160 0162 0.163 0.159 0164 0171 0.181 0.18 0196 0.216  0.238
Jilin 0174 0172 0169 0.167 0165 0162 0.161 0160 0161 0160 0.168 0.174 0.184 0.190  0.199
Heilongjiang  0.167 0.165 0166 0165 0.163 0.163 0.161 0160 0158 0.161 0.164 0.163 0.166 0173 0.181
Shanghai 0.199 0201 0201 0204 0205 0206 0206 0214 0219 0228 0236 0246 0263 0280 0.299
Jiangsu 0.107 0108 0.109 0.110 0112 0116 0.125 0.143 0162 0.180 0204 0228 0261 0308 0.363
Zhejiang 0.144 0144 0141 0.140 0138 0139 0.143 0145 0157 0165 0171 0178 0.196 0218  0.242
Anhui 0.107 0103  0.099 0.096 0.093 0.089 0.086 0.083 0.080 0.080 0.079 0.080 0.084 0.090 0.094
Fujian 0.164 0163 0161 0.159 0158 0158 0.157 0.154 0154 0157 0.159 0.168 0181 0.191  0.199
Jiangxi 0.141 0138 0137 0135 0129 0127 0123 0118 0116 0114 o0.112 0.111 0109 0115  0.115
Shandong 0.079 0.077 0.073 0076 0079 0.084 0.092 0097 0111 0120 0.132 0.148 0.168 0.190 0.220
Henan 0.070 0.061 0.048 0.047 0046 0.045 0.046 0053 0.059 0.065 0.066 0065 0.068 0.083  0.089
Hubei 0.107 0104 0100 0.097 0094 0.091 0087 0082 0.078 0.083 0073 0.078 0.101 0.116 0.118
Hunan 0.097 0.094 0.091 008 0082 0.08 0073 0071 0.068 0.067 0.049 0.044 0.022 0.029 0.012
Guangdong  0.124 0.126 0.122 0121 0122 0119 0119 0116 0127 0151 0163 0201 0204 0243 0.289
Guangxi 0123 0119 0113 0.109 0103 0.098 0.094 0.093 0.08 0.082 0073 0073 0.071 0.065 0.078
Hainan 0195 0191 018 0187 018 018 0.184 0180 0178 0175 0.173 0.169 0167 0.173  0.169
Chongging 0.158 0157 015  0.15  0.157 0157 0.157 0153 0154 0155 0.156 0.158 0.164 0.174 0.183
Sichuan 0076  0.069 0.064 0.060 0059 0.058 0.056 0.054 0.058 0.059 0.058 0071 0.093 0.015 0.054
Guizhou 0.147 0145 0139 0127 0122 0119 0116 0.125 0123 0124 0121 0120 0122 0121 0.121
Yunnan 0.137 0134 0128 0.124 0120 0116 0.110 0.101 0101 0.095 0.087 0.084 0.078 0.066 0.053
Shaanxi 0.152 0150 0.147 0.146 0.142 0141 0143 0139 0141 0.144 0150 0153 0.161 0.170 0.183
Gansu 0.153 0.150 0.148 0.145 0.142 0141 0.136 0.138 0135 0132 0127 0119 0123 0123 0.122
Qinghai 0194 0191 0188 0.187 018 0184 0.182 0.180 0177 0172 0.169 0.166 0159 0.157  0.156
Ningxia 0194 0191 018 0188 018 0183 0.181 0177 0174 0170 0.170 0.167 0166 0.166  0.164
Xinjiang 0191 01% 0.18 0.184 018 0188 0.191 0187 018 019  0.190 019 0192 0.198  0.204
eastern 0154 0153 0151 0.152 0152 0153 0.155 0157 0163 0171 0.180 0.192 0204 0224 0.247
middle 0.141 0137 0134 0132 0130 0128 0.126 0124 0123 0.125 0124 0125 0.131 0.139 0.143
western 0.155 0152 0149 0145 0.143 0141 0.140 0.138 0138 0.137 0136 0137 0.140 0.134 0.141
Total 0.147 0145 0.142 0.140 0139 0138 0.137 0137 0139 0143 0146 0151 0.159 0.169 0.181
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