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Benchmarking Cleaner Production Performance
of Coal-fired Power Plants Using Two-stage
Super-efficiency Data Envelopment Analysis
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resulted in serious pollution of acid rain in ohéd regions of

Abstract—Benchmarking cleaner production performance is a@€hina. Meanwhile, China’s carbon dioxide emissi@s w2000

effective way of pollution control and emission ueton in coal-fired

million tons (13.5% of the world) in 2007 [3], incling 27000

power industry. A benchmarking method using twa@sta mjjjion tons (about 43.5%) from the electric powectors, and

super-efficiency data envelopment analysis for-ioadl power plants
is proposed — firstly, to improve the cleaner prithn performance of
DEA-inefficient or weakly DEA-efficient plants, theto select the
benchmark from performance-improved power plants.efnpirical
study is carried out with the survey data of 24l-¢ied power plants.
The result shows that in the first stage the peréoce of 16 plants is
DEA-efficient and that of 8 plants is relativelyefficient. The target
values for improving DEA-inefficient plants are adagd by
projection analysis. The efficient performance 4fiwer plants and
the benchmarking plant is achieved in the seccengestThe two-stage
benchmarking method is practical to select thenagitbenchmark in
the cleaner production of coal-fired power indusi@apd will
continuously improve plants’ cleaner productionfpenance.

it would reach 32000 million tons by 2010 [4]. Tharbon
emission reduction pressure of China is gettinggdsigand
bigger. With large amounts of carbon dioxide, sutfioxide,
nitrogen oxides, dust, wastewater and other paitata
discharged in the power generation, the developroérihe
power industry in China is severely restricted Hye t
environment and climate issues.

Cleaner production, a creative idea, applies agiated and
preventative environment strategy to the producproducts
and services, so that the eco-efficiency can beased and the
risks to the human and the environment can be estiuEhis
thinking also highlights the important concepts wferall

Keywords—benchmarking, cleaner production  performanceprevention, eco-efficiency, environmental strategitull life

coal-fired power plant, super-efficiency data enpehent analysis

|. INTRODUCTION

HE coal-fired power industry is an important part bét

electric utilities and about 80% electricity ger&na is
from coal-fired power plants at present in Chima2007, the
installed capacity of the thermal power was 554420/,
accounting for 77.7% of the total; and 82.9% of éhectricity
production was from thermal power generation, wighbo from

cycle, etc. and covers the whole procedure of raterals,
production, consumption and pollutant disposal civfiias been

well recognized for years by all countries in therhd.

Implementing cleaner production technology and riea
production management in coal-fired power industoy
continuously improve the cleaner production perfamoe (CPP)
of power plants is one of the most effective measto reduce
emissions. In 1980, the US launched the cleantecahology
to solve the environmental problems caused by lboating

coal-fired power plants, which resulted in 34% coahnd made remarkable achievements. From 1980 to, 1868

consumption of the total coal output in China [ie dominant
position of coal in the primary energy structurel le® the
generating pattern of coal-oriented power indusihe Energy
Research Institute of China forecasted that by 20Bhese
installed capacity of electric power would reaci@80 MW,
with 600000 MW from the coal-fired power industrstill

accounting for 60% [2]. In 2007, China’s sulfur xiibe

emissions were over 24.68 million tons, which m&iena
become the largest emitting country of sulfur diexiand
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coal consumption of coal-fired power plants intti&increased
by 60%. Due to the cleaner production action, tinéssions of
sulfur dioxide and nitrogen oxide had decrease®®% and
12% respectively. The investment on cleaner tedyyhnd
management was 5200 million US dollars, while tben@mic
benefits were 100000 million dollars [5]. In theceat years,
Chinese government has promoted cleaner production
technology and cleaner production benchmarking gament

in the electric industry. A series of developingnd have been
formulated, such a$he Cleaner Production Promotion Law
approved by the National People’s Congress of Chiitee
Cleaner Production Evaluation Index System for Tiedr
Power Industryissued by the National Development and
Reform Council (NDRC), andThe Cleaner Production
Standards — Coal-fired Power Pladeveloped by the Ministry
of Environmental Protection (MEP). These policiesd a
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measures provide a basis for implementing clearsdystion fully applied in electric power generation and pobn

program in the coal-fired power industry. reduction [27]-[29].
For the DEA model involved in the benchmarking
Il. LITERATURE REVIEW management, whether CCR, BCC, G/DEA or SE-DEA has

The benchmarking method of cleaner production isaly ~Neglected an important issue, namely, the benchnigrk
based on measuring the CPP. The benchmark isegligoin  acquired from measuring the original data with sobeA

the enterprise with relatively efficient performanand stable Model. It is a method of selecting benchmark in ‘thed
and efficiency; and other enterprises will improveeir Sample”, because there are some DEA-inefficient BNfuthe

efficiencies in the light of the benchmarks' inmuttput faw data. Thus the benchmarking DMU may not bebtbst

indicators. Therefore, the key to selecting optimaiduction choice. Therefore, it is practical to select benafinbased on
benchmark is to establish an evaluation index ambasuring DEA-efficient DMUs after improving the DEA-ineffient or

method for the CPP in practice. weakly DEA-efficient DMUs.
At present, the evaluation index for cleaner préiducvaries
in different countries. The commonly used and atsmkp 1. METHOD AND MODEL

evaluation index mainly includes the following &dicators:
ecological efficiency, climate change, environménta
performance, environmental load, waste generatitg and
emission-reduction trade. And in China, it gengraticludes
indicators of raw materials, products, resources oilutants,
among which the index of environmental quality, lpidn
reduction, raw materials, energy consumption, emvirental
management, as well as comprehensive utilizatioesdurces
are mostly applied [6]-[8]. From the assessing @uatst of o ) ’ !
cleaner production, the evaluation of cleaner petidn degree, Model can be divided into two types: input-orieneddel and
CPP assessment and measuring the potential fonerlea®UtPut-oriented model. The input orientation meenachieve
production, etc. are involved. The assessment rdefoo the efficiency by reducing input under the existingput level,
cleaner production is mainly based on the Life €y&halysis yvh|le the output orientation teIIs_what an effidiestiatus is by
(LCA), which can measure the environmental impdcthe ncreasing output under present input.

research objects [9], [10]. The LCA has been adpli the However, the CCR model can only figure out whetther

cleaner production assessment (CPA) of the elgtitol PMUs are DEA-efficient or DEA-inefficient. It canho
aluminum production, cement enterprises and sd.af [12]. distinguish the efficiencies of the DEA-efficienMlJs. On the

There are still other methods like the percentagehad, the Pasis of CCR model, Andersen and Petersen put fdrive
composite index analysis, fuzzy math method, ete fuzzy SuPer-efficiency data envelopment analysis (SE-Diaglel (1)
math method is widely used to evaluate the CPAesfigirms, 1" 1993 [32]. In this model, the efficiency valuélwo longer
electrolytic aluminum industry, cement enterprisemal P€ restricted in the scope of 0-1. That is to sag,efficiency
industry, paper industry, eco-industrial parks asui forth Vvalue will probably be bigger than 1. Thereby, the
[13][18]. In addition, the CPA measured with thedmodel DEA-efficient and DEA-inefficient DMUs can be ranke
is a new method developed in the recent years. DEA according to their super-efficiency values and leachmark
commonly used to assess the relative performaneficiency ~can be selected.

of cleaner production so as to select the benchraark to
improve the CPA [19].

The benchmarking methods mainly include the idéales |MinVp =60 —(ss” +&s")
analysis [17], the relative performance evaluafi®@], [21], n n
and production frontier analysis [22]. And major de S't'zj'jxj +s; =0X; , Z%‘Yj -sj =Y, 1)
applied benchmarking are DEA model or extended DEA }:110 }:11,0
models, for example, the optimal decision-makingdeidor
benchmarking cleaner production with qualitativeoimation
[23], benchmarking management of public sectors’
performance with DEA [24], super-efficiency DEA n&dd  Literatures have studied the relationship betwdenGCR
applied in benchmarking management [25], and deitgit model and SE-DEA model (Fig. 1). When the sample.3BMre
analysis of DEA benchmarking model [26]. In additidhe measured by the SE-DEA model, the super-efficiaatyes of
benchmarking management has been evolved to yekdstihe DEA-inefficient DMUs are the same as their DEA
competition in enterprise management, that is, rpris@s efficiencies respectively, still smaller than Ig(epointB,' point
compete with each other to become the benchmarkruhé B, and in Fig. 1), and the input redundancies antpuiu
incentive regulation mechanism. Such a mechanissnbean deficiencies are consistent with the values froen@ER model;

A.Super-efficiency DEA Model

There are mainly two DEA models — CCR model and BCC
model [30], [31]. The CCR model can be used towatal the
efficiencies of scale and technique simultaneoukiyother
words, the DEA-efficient decision making unit (DMW) the
CCR model is either appropriate in its scale oicigffit in the
technical management. The BCC model can only bd tse
assess the technique efficiency of DMUs. In addjtibEA

120) 21215 205 20
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for the weakly DEA-efficient DMUs, their super-efigncy maintaining DEA-efficient are:
values are equal to 1 and input-output redundangibsot G,-1_ 2
change (e.g. poirdy and pointA; in Fig. 1); the production & >1,0sy< 1- )

G+l Gy +1
frontier of the DEA-efficient DMUs has been changeu their . N
- . . If all the DM h t th time, detie rest
super-efficiency values are greater than 1 (e.t|By, pointB,, allthe DMUs change at the same time, consi res

PoN(C, PO, andpain, pomD, i 1) {35135 DML £ 1 e apvoste drectr e cranmiel
Therefore, we can directly evaluate the CPP of-Gioed power o> ’ 9

plants with the SE-DEA model, instead of using Q@&del. on (3), while the rest DMLehange according to (5).

- 1
X =1, N
e Input i o ELean 0 (5)
90 = 1- yJ
B .G B - 5
c . Then, the necessary and sufficient conditions fdily
t c maintaining DEA-efficient are:
B~Ds >.D2
1
0z -1
o > > 6,>1, 0y —=1- 12 (6)
@) Input 2 (b) Input 2 93 +1 93 +1

Fig. 1 CCR modeld) vs. SE-DEA modelk) We can see from (4) and (6) that DMUs with high the

super-efficiency values are with more stability avide range
B.Projection Analysis maintaining DMUs DEA-efficient, whether a single DM
The super-efficiency valued'), input redundancies() and ~ changes or all DMUs change simultaneously; thahis,DMU
output deficienciess{’) of all DMUs can be acquired with the With the highest super-efficiency can serve ashiyechmark
SE-DEA model in (1), which will be used for the jmction [25]. [33].
analysis of DEA-inefficient and/or weakly DEA-efiént D.Benchmarking Process of Coal-fired Power Plant'sFCP
DMUS&.AH? t?ﬁ mpu_t-omtjtgata} of th_ese E)MLth n;";)r/ Ufmstenil On the basis of cleaner production benchmarking
according o the projected values (input-outpues) so as to management and CPP evaluation, the benchmarkirng$s@f

improve the productive efficiency. The projectionalysis CPP for coal-fired power plants can be divided imto stages
model can be expressed as (2). (Fig. 2)

DMU; (i=1,2,...4,u+1,...,m) ]ﬁ

Adjusting
indicatorg

X, =0 B-s;

A~ +
Yi=YotS;

(2 [

According to the principle of projection analysithe
projected values of DEA-inefficient and weakly DEficient
DMUs at the production frontier are DEA-efficier34]. Thus

all DMUs can achieve the DEA-efficient efficiencies P P H R o e LEELEELEEE et :

Replace original inpubutput dat
and re-evaluate all DMUs

Correlation analysis of
input-output indicators

C.Sensitivity Analysis

The benchmarking method requires that the effigienc
benchmark be relatively efficient and stable withwide

Target value

variation range to maintain DMUs DEA-efficient. Thange 01 :
can be achieved through sensitivity analysis. f Or<1 Projection

Suppose that the input-output data of a single Diwtbs into Nk:lz“ _________ __:
(1 +y) times of the original data, namely, DMthanges as: Yy Stage II

Benchmark > . 0>1
R (1 ) selectiol m jFulut2,..m
=(1+

{f"_ o 0sy<1 3)

YO _(1_V)y0 [ Improving performance ]

Then, the necessary and sufficient conditions fodlp Fig. 2 Benchmarking process of cleaner productierogpmance
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Stage |: To carry out the correlation analysishef triginal
input-output data to test whether the input anghoiutlata meet
the requirement of isotonicity; then the SE-DEA rmbih (1)
will be used to evaluate the relative performanteallopower
plants DMU (i = 1,2,
value @), input redundancys(™"), and output deficiencys{")
of each power plant can be figured out; the benckiBaand

requirements of the model. From the perspectiveleiner
production, pollutant emission, as a DMU of outpist,an
undesired output and it should be minimized. Wiendeaner
production assessment is carried out based onutipeitotDMU

..U, u+l, ... m); and the super-efficiency of pollutants, neither CCR model nor SE-DEA modsl i

available. Therefore, only when the pollutant eroiss are
considered as negative outputs or inputs, the ledicno and

the sensitivityy, in Stage | can also be achieved. Then the targevaluation can be operated by means of the DEA hi88¢

values of DEA-inefficient and/or weakly DEA-efficie DMUs
(i=1,2,..,u) are calculated by projection analysis in (2).

Stage II: Suppose that the DEA-inefficient and/arakly
DEA-efficient DMUs adjusting their input-output dabased on
the projection analysis to improve their CPP, théainal
input-output data of corresponding DMUs may beaegdl with
the target values achieved in Stage | and thisdegw set will be
evaluated by the SE-DEA model to get the new seffaiency
value @,), input redundancys{ ™), and output deficiencys{").
Using the sensitivity analysis by (4) and (6),fihal benchmark
B, and the sensitivity, of Stage Il can be determined.

IV. EMPIRICAL STUDY

A.Input-output Indicators

At present, the DEA method has been applied in riafds.
As to application to the cleaner production assessnthe key
is to introduce the inefficient output of pollutanto the DEA
model. In measuring efficiency, the more outputssally the
better, but the pollutant emission is just the gifgo Obviously,
to treat the pollutant as the output indicator canmeet the

[36].

Combined withThe Cleaner Production Evaluation Index
System for Thermal Power Industrgnd The Cleaner
Production Standards — Coal-fired Power Plaissued by
NDRC and MEP of China, the input-output indicatdos
measuring the CPP of the coal-fired power plansds up,
considering the requirements of operating the SEDiodel
simultaneously.

Input indicators (per unit power generatiory;, coal
consumptionx,, water consumptiorxs, energy consumption;
X4, flyash output volumexs, smoke dust emission volume;,
sulfur dioxide emissionsx;, nitrogen dioxide emissionssg,
wastewater emissions.

Output indicatorsy, utilization rate of flyashy,, utilization
rate of recycled watelys, total output value per unit power
generation.

B.Sample Data and Isotonicity of Input-output Indarat

Golany & Roll proposed the good rule of thumb foet
number of DMUs in applying DEA model, namely, thember
of DMUs should be at least twice the number of tepand

TABLE |
SURVEY DATA OF 24 COAL-FIRED POWERPLANTS

Input indicatorg®

Output indicator$

Power plant
X1 X2 X3 X4 X5 X6 X7 X8 Y1 Y2 y3
PO1 815 563 0.184 3296 2.99 5.06 2.129 1550 0.886 .8490 0.823
P02 514 723 0.154 6293 2.66 4.10 2.774 1830 0.643 .7450 0.734
P03 416 441 0.086 2303 2.89 2.70 0.631 810 0.632  6490. 0.701
P04 440 820 0.104 3527 1.95 2.94 0.611 820 0.631  7500. 0.598
P05 729 850 0.172 7091 3.17 2.24 1.560 1130 0.837 .8230 0.668
P06 404 800 0.108 2953 2.83 3.26 0.547 1330 0.568 .6500 0.621
PO7 616 912 0.199 8849 3.35 4.99 1.568 1680 0.772 .7850 0.711
P08 533 494 0.135 7648 2.87 4.05 1.692 1780 0.651 .6200 0.655
P09 711 776 0.178 7345 1.96 2.82 0.993 1230 0.729 .6990 0.801
P10 854 903 0.184 2355 2.24 3.69 2.354 1645 0.898 .8000 0.794
P11 568 874 0.099 7327 2.57 3.66 0.897 999 0.821  8020. 0.886
P12 707 768 0.178 6684 3.99 4.99 2.205 1456 0.698 .9000 0.900
P13 495 692 0.186 6503 2.32 351 1.367 1698 0.768 .7330 0.653
P14 803 658 0.156 4897 1.98 4.35 2.094 1765 0.649 .8530 0.780
P15 799 593 0.171 5635 3.23 3.29 1.779 1811 0.850 .7840 0.787
P16 663 990 0.149 8735 3.17 4.45 0.999 1258 0.900 .8000 0.706
P17 623 789 0.128 6742 2.76 2.87 1.643 1603 0.822 .8650 0.863
P18 700 808 0.181 4963 212 3.35 2.680 1633 0.651 .8300 0.741
P19 822 954 0.172 5005 2.68 4.21 2.011 1599 0.729 .7390 0.805
P20 586 897 0.176 6120 2.54 4.25 1.782 1135 0.588 .8250 0.871
P21 737 803 0.165 6563 2.32 3.17 2.020 1369 0.773 7580 0.820
P22 675 762 0.158 5869 2.16 3.88 1.886 1238 0.726 .8650 0.795
P23 642 735 0.155 4937 2.21 2.96 1.835 1457 0.689 .8300 0.785
P24 708 783 0.168 6097 2.49 4.12 1.692 1326 0.805 .7410 0.856

2The carbon dioxide emissions from the power gditeraan be estimated based on the coal consunsptioth the thermal efficiency of the boiler. There i
the coal consumption indicaton] in the resource consumption indicators and bo¢hcarbon dioxide emission and coal consumptiortrea¢éed as the input
in the model operation, so it is unnecessary tiden the indicator of carbon dioxide emissionthiemwaste discharge.

® The evaluation in the SE-DEA model is dimensiosile® the unit of each indicator is omitted.
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outputs considered [37]. There are 8 input indicatand 3
output indicators in measuring the CPP of the fioadt power
plant. Thus at least 22 DMUs should be involvediiming the

production of coal-fired power plants.

C.Evaluation of the Original Data

sensitivity.

D.Projection Analysis

E.Benchmark Selection

plant PO3 but P10.

model. To satisfy this rule, this research investd the power X1 g-gggg 8-233; g-igg;

. . . : X2 . . .
generation of 24 coal-fired power plants WIFh s&ntk_echnology 0.3401 0.3957 0.2693
and scale. The survey data based on the input-biuigiicators Xa 0.2463 0.1308 0.1434
and the requirements of SE-DEA model is listed abl€ 1. X5 0.2399 0.1074 0.0824

DEA model requires that the DMUs be homogeneoul wit X6 g'gggi 8%22 8%%
comparability and the input-output indicators mette Xg 0.1450 0.1146 0.0692
requirement of isotonicity, namely, the output witit decrease
along with the increase of input [38]. This cantbsted by TABLE Il
correlation analysis of the input-output datahibgd be noted EVALUATION RESULT OFCPPOF 24 COAL-FIRED POWERPLANTS (SI'AGE |)
that this paper does not use the indicator of $tyaischarge POWer  penefficient 2* SEDEA - pank

it tion” b it t ttse plant v l efficiency
per unit power generation” because it cannot sa 501 v 00826 00414 1 1s01 5
requirement of isotonicity. The correlation anadyssult of the P02 N _ _ 0.9508 20
input-output indicators of 24 power plants is lisia Table II, P03 Y 0.2381 0.1208  1.6249 1
from which we can see that the input-output indicstare Egg ¥ 8-1222 g-g%‘? i-‘s‘ggg Z
positive related, indicating that the input-outpndicators in P0G v 00351 00175 10727 13
this research meets the requirement of isotonanity reflects P07 N - - 0.8242 24
the input-output relationship of implementing clean Po8 N . - 09135 21
P09 Y 0.0778 0.0390  1.1687 7
P10 Y 0.1718 0.0865  1.4148 2
P11 Y 0.1153 0.0578  1.2606 5
P12 N - - 0.8694 22

The original data in Table | is calculated with EM&tware P13 Y 0.0461 0.0230  1.0966 10

and the result is listed in Table Ill. The restiows the CPP of P14 M 0.0569 00285 1.1207 9
. - . P15 Y 0.0418 0.0209  1.0873 11

16 plants is D_E_A-efflm_ent gnd that of the rest Bnps is P16 N _ _ 0.9516 19
relatively inefficient with input redundancy and tput P17 Y 0.0622 0.0311  1.1327 8
deficiency. The super-efficiencies of the 24 powkmts are P18 M 0.0005 0.0003  1.0011 16
achieved and P03 is with the biggest super-effaieand P19 N . o 08630 23
99 p o P20 Y 0.0125 0.0063 1.0254 15

P21 N - - 09743 18

P22 Y 0.0347 0.0173  1.0718 14

P23 Y 0.0362 0.0181  1.0752 12

The purpose of benchmarking CPP is to adjust atichize P24 N - - 09961 17
relevant indicators of inefficient or weakly effieit DMUs so TABLE VI
that the performance of coal-fired power plantslmaimproved.  EvaLuation RESULT OFCPPOF 24 COAL-FIRED POWER PLANTS (STAGE Il)
By operating (1) with super-efficiency values (Tabll) and Power o) q A SEDEA
input-output slacks (Table 1V), the projected valuef 8 plant y2 v efficiency
DEA-inefficient power plants can be figured out (&), and P01 Y 0.0653 0.0327  1.1398 6
these 8 power plants may improve the power gemeratiocess P02 M 0.0000 0.0000  1.0001 23

) P03 Y 0.1496 0.0752  1.3517 3
and Input-output data based on the target Valueble-[\/) P04 % 0.1314 0.0660 1.3026 4
P05 Y 0.1513 0.0761  1.3565 2

P06 Y 0.0351 0.0175  1.0727 13

According to the benchmarking process in the cadntive Egg ¥ 8-8832 88883 1-8823 ig
_onglnal input-output data of the 8 DEA-inefficigmbwer plants P09 v 00666 00333 11427 5
is replaced by the target values in Table V. TheD&A model P10 Y 0.1718 0.0865 1.4148 1
in (1) is applied again to gain the measuring testICPP of P11 Y 0.0636 0.0318  1.1359 7
improved coal-fired power plants (Table VI). It da@seen that ﬁig i g'ggg 88282 i'gggg ﬂ
the CPP of all power plants are DEA-efficient. he tsecond P14 v 0.0569 00285  1.1207 9
stage, the super-efficiency and sensitivity of Ri@bigger than P15 Y 0.0418 0.0209  1.0873 10
those of any other plant, that is, the final benatinis no longer P16 Y 0.0009 0.0004  1.0018 18

P17 Y 0.0622 0.0311  1.1327 8

P18 Y 0.0005 0.0003  1.0011 20

P19 Y 0.0003 0.0002  1.0007 21

\V.CONCLUSION P20 Y 0.0125 0.0063 1.0254 15
] ) P21 Y 0.0000 0.0000  1.0001 24

The benchmark selection of CPP for the coal-firkehjpcan P22 Y 0.0341 0.0171 1.0706 14
be divided into two stages. In the first stage GR assessment P23 Y 0.0362 0.0181  1.0752 12

P24 Y 0.0002 0.0001  1.0004 22

of the original data of all power plants and thejgction

TABLE Il

CORRELATION COEFFICIENTS OHNPUT-OUTPUT INDICATORS

Y1

Y2

Y3
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TABLE IV
INPUT-OUTPUT REDUNDANCY OF 8 DEA-INEFFICIENT POWER PLANTS
Power plant _ _ _ Input redundancy _ _ _ _ Output dieficiency ]
St S S3 S S S S7 S8 St S2 S
P02 0 0 0.040 1822 0.00 0.75 1.830 830 0.050 0.000 0.000
PO7 0 63 0.020 2415 0.00 0.65 0.230 41 0.000 0.000 0.030
P08 0 0 0.010 4334 0.00 0.58 0.540 635 0.000 0.030 0.010
P12 0 0 0.020 1732 0.00 0.51 0.710 93 0.140 0.000 0.030
P16 12 0 0.020 1549 0.00 0.22 0.000 80 0.000 0.120 0.250
P19 0 0 0.000 0 0.00 0.05 0.000 0 0.070 0.050 0.000
P21 22 0 0.000 0 0.00 0.00 0.680 0 0.000 0.000 0.000
P24 0 0 0.020 0 0.00 0.24 0.290 0 0.000 0.070 0.000
TABLE V
INPUT-OUTPUT TARGET VALUES OF 8 DEA-INEFFICIENT POWER PLANTS
Power plant Target input Target output
X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1
P02 489 687 0.106 4161 2.53 3.15 0.808 910 0.693 0.745 0.734
PO7 508 689 0.144 4879 2.76 3.46 1.062 1344 0.772 0.785 0.741
P08 487 451 0.113 2653 2.62 3.12 1.006 991 0.651 0.650 0.665
P12 615 668 0.135 4079 3.47 3.83 1.207 1173 0.838 0.900 0.930
P16 619 942 0.122 6764 3.02 4.01 0.951 1117 0.900 0.920 0.956
P19 709 823 0.148 4319 231 3.58 1.735 1380 0.799 0.789 0.805
P21 696 782 0.161 6394 2.26 3.09 1.288 1334 0.773 0.758 0.820
P24 705 780 0.147 6073 2.48 3.86 1.395 1321 0.805 0.811 0.856

analysis for the DEA-inefficient DMUs are conductedyet the
target input-output values, and the benchnmykn the first
stage is achieved simultaneously. The DEA-ineffitiplants
may adjust their input-output data according to phejected
values. In the second stage, the CPP of the DEAiedit plants
and the improved DEA-inefficient DMUs will be evaled
again. All power plants will be DEA-efficient andhea
benchmarkB, in the second stage (final benchmark) can

continuously improve the CPP in the coal-fired poimeustry,
and can the benchmarking of CPP guide the powezrgéan
and the emission reduction.
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the premise that all DMUs are DEA-efficient. In fimst stage,

collect the research data.

DMUg; is DEA-efficient and its input-output data doest no

change during the second stage; in the second, skaxgk

DMU5g; and DMk, are DEA-efficient, but the super-efficiency

of B, is bigger than that dB;. In fact, theB; andB, can be
regarded as “to select the best in the bad orarmgtod”. The
second stage can be considered as a re-benchmarkiogss.

Therefore B; is a more appropriate benchmark and we can pyj

the two stages above into practice and improveGR® of
coal-fired power plants.

The above analysis shows that the CPP of coal-ficeger
plants can be measured, benchmarked, ranked, gdvied
through the SE-DEA model. An empirical study ofc@al-fired
power plants gives the fact that the efficiencydbenark will

probably change. The benchm&kachieved in the first stage

may be not the best choice and the benchrBargot in the

second stage is better thBn To selecB, as a benchmark will

be more conducive to improve the CPP.

It should be noted that the benchmarking basedEeDEBA
model is a relative measuring method. In the procek
implementing cleaner production and in the courseatuing
and improving CPP of coal-fired power plants, tlagional or

industrial standard methods should also be usexb$ess the

developing level of cleaner production. Only to ¢ime the
relative assessment with

the absolute evaluatiom ca
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