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Abstract

The measure proposed in this paper is a new nonparametric data envelopment analysis (DEA) scheme, the 
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In accordance with global environmental conservation awareness, undesirable outputs of production and 
social activities (e.g., air pollutants and hazardous waste) have harmful social and environmental dimensions. 
Thus, development of technologies with less undesirable outputs is important in every area of production. Data 
envelopment analysis (DEA) usually indicates that producing more outputs relative to fewer input resources is a 
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The results indicate that the U.S. utilities under study improved their overall management and environmental 
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separable and nonseparable inputs and outputs (and the related indicators). Färe, Grosskopf, and Hernandez-
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characterization of input or output items. Suppose that there are four inputs, )1, );, )3, and )4, in the concerned 
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The assumption is that the data set is positive (i.e., X > 0, and %	> 0). The production possibility set P is 
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where	� is a nonnegative vector in Rn. 
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The vectors Rs � Î 1mR  and NRs � Î 2mR  indicate the �)������	for the radial and nonradial inputs, respectively, 

while Rs � Î 1sR  and NRs � Î 2sR  specify the ������
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A Hybrid Model with Undesirable Outputs
Development of technologies with less undesirable outputs is important in every area of production. In 

DEA literature, several authors have proposed methods to deal with the problem (e.g., Färe, Grosskopf, Lovell, 
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show that one can address the problem by applying the hybrid model proposed in the preceding section.
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Nonseparable Good and Bad Outputs
Derivation of some undesirable outputs (bads) often accompanies some desirable outputs (goods), such as air 

pollutants and motorization. Such outputs have a nonseparable relationship, and in most cases, their yields are 
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is nonseparable from fossil-fueled power generation (NSG) and air pollutants (NSB). Hence, one can classify 
input variables into separable (S) and nonseparable (NS) variables.
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where X#Î 1m nR - and X�#Î 2m nR -  denote separable and nonseparable input data matrices, respectively, and %#3Î
1s nR - , %#$Î 2s nR - , %�#3Î 3s nR - , and %�#$Î 4s nR -  denote separable good, separable bad, nonseparable good, and 

nonseparable bad outputs, respectively.

The behavior of the nonseparable outputs %�#3 and %�#$ needs special attention. A reduction of the non-
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In accordance with the reduction of bad outputs, on the input side, the nonseparable input )�# is assumed 
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The Basic Undesirable Output Model
The basic undesirable output model with separable and nonseparable inputs or outputs can be implemented 

by the program in l, Ss � , NSs � , SGs � , SBs � , NSGs � , NSBs � ������È����/���$�
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where �	���1 + �;, and �	���1 + �; + �3 + �4.
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Note that some of the slacks in nonseparable good and bad outputs (inputs) may remain positive even after 
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sumes weak disposability in these outputs. Thus, apply the SBM model for the separable outputs but employ 
the radial approach for the nonseparable inputs and outputs.

Variations of the Basic Model
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In the basic model, the assumption is that slacks for radial inputs and outputs are freely disposable. 
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where �1 and �; are numbers of separable and nonseparable inputs, �1 and �; are numbers of separable good 
and bad outputs, and �3 and �4 are numbers of nonseparable good and bad outputs, respectively.
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the separable good outputs. Coping with this problem requires adding a constraint to the basic model 
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The assumption is that the units of measurement for all good and bad outputs are the same.
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An Empirical Study of U.S. Electric Utilities
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evaluation of their performance in the presence of both desirable (good) and undesirable (bad) outputs.
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Most of the studies included electric power sales by demand category and number of customers as outputs, 
which are desirable outputs (goods) of electric utilities. In contrast, the electric industry produces several 
kinds of undesirable outputs (bads). Typical bads are emission gases from fossil power plants (e.g., NO# and 
SO;), which cause smog and acid rain. CO; emitted from power plants is also a bad because CO; is one of the 
greenhouse gases that leads to climate change. Fly ash, mercury compounds, and nuclear fuel waste are further 
undesirable outputs of electric power plants. From the viewpoint of the electric supply service, blackouts and 
brownouts are undesirable outputs.

The current study included a focus on the NO# and SO; emissions of electric power plants as bad outputs.; 
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���������?�����]|; emissions. Power plants emit NO# by burning coal, oil, and natural 
gas and release SO; by burning coal and oil.

Electric utilities can take several measures to reduce NO# and SO; emissions. One effective measure is 
using sulfur and nitrogen removal equipment. Utilities can further reduce emission of such gases by choosing 
high-quality fuel that includes less sulfur. Furthermore, changing the generation technology from fossil fuel 
to nonfossil fuel power, such as nuclear, hydraulic, and renewable power generation, would have a big impact.
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and bads. 
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and net generation of nonfossil plants (MWh), while undesirable (bad) outputs were the annual NO# and SO; 
emissions (tons).

Fuel input, fossil power generation, and NO# and SO; emissions are closely related. If utilities reduce the 
amount of fuel input, the fossil power generation and emission gases will also decrease more or less. Therefore, 
one should consider them as nonseparable input, output, and bads, respectively. In contrast, total generation 
capacity and nonfossil power generation are separable inputs and outputs, respectively (see Table 1). 

Table 1
*�, ��	
��	' �, ��

Notation Type of inputs and outputs ��	���#�����	
��
#1 Separable input Total generation capacity (MW)
#; Nonseparable input Fuel consumption (BTU)
y1 Separable good output Nonfossil power generation (MWh)
y; Nonseparable good output Fossil power generation (MWh)
y3 Nonseparable bad output 1 NO# emission (ton)
y4 ���������/���/�����	��	�; SO; emission (ton)

eGRID includes operational data for more than 100 companies. The current study included only companies 
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DMU DMU
1 Alabama Power Company 16 Northern Indiana Public Service Company
; Appalachian Power Company H? Northern States Power Company
3 Arizona Public Service Company H@ Ohio Power Company
4 Carolina Power & Light Company 19 2��
�_����%��	
5 Consumers Energy Company ;< Portland General Electric
6 Detroit Edison Company ;H Psi Energy, Inc
? Duke Power Company ;; Public Service Company of Colorado
@ Entergy Arkansas, Inc ;� Public Service Company of New Hampshire
9 Florida Power & Light Company ;� Rochester Gas & Electric Corporation
10 Georgia Power Company ;j South Carolina Electric & Gas Company
11 Holyoke Water Power Company ;� Union Electric Company
H; Indiana Michigan Power ;? Virginia Electric & Power Company
13 Kentucky Utilities Company ;@ Wisconsin Electric Power Company
14 Louisville Gas & Electric Company ;= Wisconsin Power & Light Company
15 Minnesota Power & Light Company 30 Wisconsin Public Service Corporation

Model
The study involved applying the undesirable output model in the Variations of the Basic Model section to 
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Empirical Results
The following sections include a description of the results and an observation of the relationship of the 
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1996 H==? H==@ 1999 ;<<< Change rate
Average (�]	) 0.69 <!?< <!?� <!?� <!@< 16%
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of the two good outputs, fossil generation and nonfossil generation, reduced slowly. 
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1996 1997 1998 1999 2000
x1: Total Generation Capacity 0.0953 0.0933 0.0716 0.0710 0.0561 
x2: Fuel Consumption 0.0539 0.0564 0.0469 0.0476 0.0356 
y1: Nonfossil Power Generation   0.0445 0.0417 0.0422 0.0437 0.0367 
y2: Fossil Power Generation 0.0253 0.0264 0.0224 0.0207 0.0150 
y3: NOx Emission 0.0750 0.0716 0.0609 0.0478 0.0329 
y4: SO2 Emission 0.1028 0.1063 0.1021 0.0944 0.0729 
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1996 H==? H==@ 1999 ;<<< Change rate
Average �* 0.69 <!?< <!?� <!?� <!@< 16%
Capacity factor (good) 0.53 0.54 <!j? <!j? <!j@ @�
'
����������
����������� 0.30 0.30 0.31 0.31 <!�; 3%
Fossil power ratio (bad) <!?j <!?� <!?? <!?? <!?@ 4%
No# emission factor (bad) �!<? �!<; ;!?� ;!j� ;!;? �;��
SO; emission factor (bad) 6.41 �!�? 6.19 j!=; 5.44 -15%
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?�+ ��	CB	Comparisons with other indices (change rate from 1996).

Main observations are as follows.
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rate from 1996. The trend of �* runs parallel with that of the capacity factor until 1999, which indicates 
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good outputs with less fuel consumption and, consequently, less bad outputs. Table 4 shows the thermal 
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will increase; hence, the emissions of NO# and SO; will increase. The ratio negatively affects the 
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4. Comparison with the NO#���
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both desirable outputs (fossil and nonfossil generations) and undesirable outputs (NO# and SO;) during the 
period. Furthermore, demonstration of the rationality of the proposed model is evident through a comparison 
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proposed model can function as an effective tool for measuring environmental performance in the presence 
of both good and bad outputs.

Even under the liberalized competitive market, the electric power industry remains a public utility. Hence, 
evaluation of its performance should occur in a multifaceted fashion (i.e., managerial and environmental 
aspects). Both managers and regulating authorities need an appropriate evaluation method for this purpose. 
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contamination costs.
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Footnotes
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Variations of the Basic Model section.
;� '
���������	
���/�	$��������
��������������	
�������_|; emission is nearly 100%. Therefore, no big difference might 

�#
�	��������	
�
	
���������������������_|; emission reduction, so CO; emission was not employed as a bad output in 
the proposed model.

3 Similar results were observed for SO;.
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