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ABSTRACT 
The Energy Utilization Index, energy 

consumption per square foot of floor area, is the 
most commonly used index of building energy 
consumption. However, a building or facility exists 
solely to support the activities of its occupants. Floor 
area alone is not a complete measure of the amount 
of service a facility provides. The energy 
consumption of a service institution, such as a 
university, could be evaluated according to its annual 
level of service. However, the variety of services 
delivered by an institution of higher education 
cannot be measured by a single, readily available 
number. Data Envelopment Analysis, a tool used 
primarily in management science, can find 
"txnclunark" input consumption levels for 
productive entities with multiple inputs and outputs. 
It finds a consumption target for each form of energy 
consumed by an institution, based on the actual 
performance of comparable institutions. This 
method is applicable to the energy consumption of 
Texas state institutions of higher education. 

INTRODUCTION 
State universities, technical colleges, and health 

science centers together account for most of the 
energy consumption and spending in facilities owned 
by the State of Texas (Hum et al. 1995). In Fiscal 
Year 1993, these institutions spent $160.4 million on 
energy. Two public universities, Texas A&M 
University and the University of Texas at Austin, are 
the largest single consumers of energy among Texas 
state agencies. (The Texas Department of Criminal 
Justice, the prison system, is the third-largest energy 
user.) Because Texas public institutions of higher 
education consume so much energy, the State of 
Texas is naturally interested in keeping tlus 
consumption and cost under control. A detailed 
examination of energy consumption by this sector of 
state government would help indicate where 
resources for improving energy efficiency could best 
be utilized, by showing which institutions have the 
best energy-consumption practices and which need 
the most improvement. The most energy-efficient 

institutions demonstrate what the other institutions 
should be able to achieve. 

Texas' State Agencies Natural Resource End- 
use Database, or SANRED, contains extensive data 
on energy consumption in state facilities. From 
1987 to 1996 the Texas State Energy Conservation 
m c e  and its predecessor agencies tracked monthly 
use of natural resources by state agencies (Hum et 
al. 1995). State agencies were required to submit 
semiannual reports of their use of various forms of 
energy. The agencies were to report only the energy 
that was purchased from an outside supplier. The 
SANRED energy data, obtained from utility bills, 
include electricity, natural gas, purchased steam or 
chilled water, and miscellaneous fuels such as 
propane and butane. Each agency's total energy 
consumption was reported as a weighted lump sum 
of all forms of energy. 

The Energy Utilization Index (EUI), annual 
total energy consumption per square foot, is the 
traditional measure of facility energy consumption. 
It allows comparisons of energy consumption among 
facilities of different sizes. However, floor area 
alone is not a complete measure of the amount of 
service a facility provides the institution occupying 
it. A facility exists solely to help its occupants 
generate their products or services. The outputs 
generated by an institution indicate how much 
service its facility provides. This paper proposes a 
method offinding, for a facility, an energy use target 
based on that facility's output levels and the actual 
performance of other facilities. 

Because, as will be shown, a university's output 
cannot be measured by a single quantity, the analysis 
method must handle multiple outputs. The proposed 
method, Data Envelopment Analysis, can handle 
multiple outputs and multiple inputs. This means 
that a facility's energy inputs do not need to be 
aggregated into a lump sum, and a consumption 
target can be found for each type of energy. A 
university's actual energy consumption can be 
evaluated against this custom-made standard. The 
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application of this method to Texas state institutions 
of higher education will be demonstrated. 

MEASUUNG THE SERVICE A UNIVERSITY 
CAMPUS PROVIDES 

A facility with a low Energy Utilization Index is 
said to be energy-efficient. Thus, a facility's energy 
efficiency is defined according to its ability to 
provide a comfortable environment and "process" 
energy (used by computers and laboratory 
equipment, for example). The EUI uses floor area to 
represent the level of these services. The EUI is, in a 
sense, the energy required to support a generic 
square foot of building area Direct comparison of 
the Ems of two institutions assumes that an average 
square foot of building area provides both 
institutions with the same level of service, i.e., that 
an average square foot is used for the same number 
of hours and has the same occupant and equipment 
loads in both institutions. However, intensity of use 
can vary considerably even among institutions of the 
same type (Spielvogel 1980). If an institution has a 
large amount of underutilized space with low energy 
consumption, it wiIl have a relatively low EUI and 
appear relatively energy-efficient. 

The analyst could correct a facility's energy 
consumption for hours of utilization. For example, 
one of the energy intensity measures used with the 
Commercial Buildings Energy Consumption Survey 
is energy consumed per hour of operation (EIA 
1992). This normalizing War is defined as "total 
square footage of a building multiplied by total 
weekly hours of operation multiplied by 52 weeks 
per year." Howver, a square foot of laboratory 
space has more equipment than a square foot of 
classroom space. An hour of laboratory utilization 
intrinsically requlres more energy than an hour of 
classroom utilization, but this normalizing factor 
does not account for the difference. 

A university is not in the business of keeping 
buildings lit and cooled. The activities of a 
university dictate its need for conditioned floor area. 
Floor area is merely one of the tools a university uses 
in conducting its work The quantity of that work is 
the measure of how much service the university 
campus provides. Kempski (1995) noted the 
following regarding universities: 

[they] might find a better measure of energy 
consumption than Btu per square foot. 
Close reviews of the records of major 

universities often reveal that energy use 
correlates more closely to student 
enrollment levels or the level of research- 
grant fundmg. (Kempski 1995) 

The energy efFiciency of an institution of higher 
education should be evaluated based on its energy 
consumption in delivering its true product: 
education. The first step in applying this principle to 
Texas state institutions of higher education is f idmg 
appropriate measures of their outputs. 

The Universitv's OutDuts 
Economists have used many output measures in 

examining managerial efficiency in postsecondaq 
education (Ahn 1987). Tae Sik Ahn evaluated the 
overall productivity of Texas institutions of higher 
education, and defined three broad categories for the 
services of a university: community service, the 
creation of new knowledge (research), and the 
transmission of knowledge (teaching). 

However, community service, because it takes a 
wide variety of fonns, is practically impossible to 
quantlfy (Ahn 1987). A university's community 
service could include football games, continuing 
education, and faculty and student volunteer m r k  
Economists acknowledge the existence of this type of 
output, but, because it is so hard to quantlfy, they 
usually ignore it in studies of university productivity. 
Ahn's analysis used research and teaching as the 
measures of a university's productivity, and this 
paper will also use those measures. 

The simplest measure of a university's research 
activity is the amount of money is spends on 
research. Although research funding is actually an 
input consumed by a university, it does indicate the 
level of research activity at a university. Therefore, 
annual research expenditures will be used as an 
output in this analysis. Research spending data for 
Texas public institutions of higher education are 
available from annual reports published by the Texas 
Higher Education Coordinating Board (THECB). 

The transmission of knowledge (teaching) is 
measured by semester credit hour enrollment. Ahn 
used undergraduate and graduate enrollment as 
separate output measures. This is because typically a 
professor devotes much more time to a graduate 
student than to an undergraduate, and because many 
graduate semester credit hours are devoted to non- 
classroom activities such as research and thesis and 
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dissertation writing. These enrollment data are also 
readily available from THECB. 

The Universitv's Energv Inputs 
As will be shown, the analysis method which is 

capable of handling the required multiple outputs 
can also handle multiple inputs. This means that the 
analysis can avoid the problem of aggregating the 
consumption of diverse forms of energy into a single 
number. Under a site energy accounting scheme, the 
reported consumption of each form of energy (kwh 
of electricity, MCF of natural gas, ton-hours of 
chilled water, etc.) is converted to the Btu of energy 
provided to the end user. Each form of energy has a 
unique set of uses. Reporting each form of energy in 
common units neglects the fact that they do not all 
provide the same kind of senrice to the consumer. 
For each Texas state university the total energy 
consumption can include three distinct categories of 
energy inputs: electricity, whose voltage is 
transferred to electrical devices; fuel, whose potential 
energy is released through chemical reactions; and 
purchased thermal energy, which represents heat 
transferred to chilled water or from steam or hot 
water. 

A UNNERSITY ENERGY CONSUMPIION 
MODEL 

The EUI considers a building's provision of 
space as a process where a lump sum of energy is 
used to support a gven amount of space: 

total energy + floor area, 

where floor area is fixed, and the energy manager 
seeks to minimize total energy consumption. 

Simply replacing floor area with one of the 
output measures mentioned above would yield a ratio 
such as Btu per undergraduate semester credit hour. 
This kind of ratio would be misleading because it 
would neglect the university's other s e ~ c e s .  

Therefore, the proposed model of university 
energy consumption is: 

(electricity, fuel, thermal energy) + (undergraduate 
semester credit hours, graduate semester credit 

hours, total research expenditures), 

where undergraduate semester credit hours, graduate 
semester credit hours, and total research 
expenditures are fixed. Here the energy manager 

seeks to minimize the consumption of ,electricity, 
fuel, and thermal energy. 

The EUI evaluates the energy efficiency of a 
facility without regard for the facility's intensity of 
use. In contrast, the proposed model disregards the 
facility's size and considers only the ultimate outputs 
delivered at the facility. This approach reflects both 
the energy efficiency of the physical systems and 
how efficiently the facility is used. 

It is necessary to aggregate the three outputs in 
order to find a ratio of energy to output. A weight 
for each of the outputs is required. A priori weights 
would presumably depend on the relative importance 
of each output, which is impossible to quantlfy 
objectively. Assigning a weight (i.e., energy value) 
to each type of energy input is also problematic, as 
we have seen. 

The energy efficiency evaluation approach that 
will be discussed in this paper was derived from a 
paper (Baxter et al. 1986) that presented an analysis 
of the energy consumption of households. That 
analysis, instead of normalizing energy consumption 
by floor area, considered the number of people in the 
household and the number of rooms in the dwelling 
as the household's "outputs." Further, it avoided the 
problem of aggregating disparate sources of energy-- 
in this case, electricity and fuel-by considering each 
a separate "input," without pre-assignmg a weight to 
any of them. The analysts did so using a 
management-science technique, Data Envelopment 
Analysis. 

DATA ENVELOPMENT ANALYSIS 
Data Envelopment Analysis P E A )  provides a 

measure of the relative efficiency of each entity, or 
decision-making unit @MU), in a group. A DMU is 
any entity that takes in measurable inputs to produce 
measurable outputs. Past studies have considered 
power plants, courts of law, bank branches, and 
many other types of entities as DMUs (Golany et al. 
1994; Lewin et al. 1982; Oral and Yolalan 1990). 
The method finds the "technical efficiency" of each 
DMU, where technical efficiency is the ratio of that 
entity's minimum possible input, given a fixed 
output level, to the actual input it used. Because it is 
often impossible to detennine the ideal performance 
of an organization, Data Envelopment Analysis h d s  
the technical efficiency of a DMU with reference not 
to a theoretical function, but to the best-performing 
DMUs in the group. Farrell (1957) introduced this 
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concept, on which Data Envelopment Analysis is 
based. 

Figure 1 illustrates the case of DMUs with one 
output and two inputs (Farrell 1957). Let the output 
be denoted by Z and the two inputs be denoted by E 
and F, and let 

E 
a ,  =-  , and 

Hence each point is described by the coordinates (al,  
a2). The ratio a1 could be considered the intensity of 
a DMWs consumption of Input E, and the ratio a2 
could be considered the intensity of its consumption 
of Input F. The curve CC' describes the "efficient 
frontier" for the DMU's in this group. The DMUs 
on the frontier are the best performers because they 
consume the smallest amounts of inputs E and F per 
unit of2 produced. 

Figure 1. Efficiency of an entity relative to a best 
practice frontier (redrawn from Farrell 1957). 

Any point on a frontier line segment P,P, is 
given by (Iliail + A j a j l ,  ,Irai2 + 1 ) (Farrell 

1957). It is, in other words, a linear combination of 
the points that make up the segment. If a point lies 
on the line segment connecting Pi and P,, the 
corresponding A,, 42 0, and the Xs for all the other 
points are zero. 

Consider, then, the case illustrated in Figure 1 
(Farrell 1957). A technically efficient unit using 
inputs in the same relative proportions as M would 
be given by M'; M' is the "hypothetical comparison 
unit" of M. The techrucal efficiency of the actual 
unit M is therefore 

OM' 

which is less than one. For a DMU on the frontier, 
meanwhile, such as Q, the technical efkiency would 
be equal to unity (OQIOQ). 

Note that the hypothetical unit M' is a linear 
combination of two adjacent DMU's, N and P. 
These two DMUs comprise the "reference group" of 
unit M. They are the two efficient DMUs wh~ch unit 
M most closely resembles. For unit M, the 1 weights 
on units N and P are nonzero. They are, however, 
zero for all the other DMUs that do not contribute to 
unit M's hypothetical comparison unit. 

The original Data Envelopment Analysis 
method is named the CCR method after Charnes, 
Cooper, and Rhodes, who extended Farrell's concept 
to DMUs that use multiple inputs and produce 
multiple outputs (Charnes et al. 1978). Suppose 
DMU jo has multiple inputs xw and multiple outputs 
yio. One can define the "efficiency score" for unit jo 
as 

where ul is the weight given to output 1, ylj0 is the 
amount of output 1 from unit jo, vl is the weight 
given to input 1, and xljo is the amount of input 1 to 
unit jo (El-Mahgary and Lahdelrna 1995). Thus the 
score is a ratio of a weighted sum of outputs (a 
'tirtual output") to a weighted sum of inputs (a 
“Virtual input"). p h e  EUI is the reciprocal of this 
land of score, where the "inputs" are the reported 
energy consumption levels, the weights are the 
assumed energy value of each form of energy, and 
conditioned floor area is the single "output.") 

Now suppose that the weight applied to each 
input and output may be chosen to maximize this 
score, subject to two constraints: 1) if this same set 
of weights is applied to any DMU, including jo, the 
efficiency score may not exceed one, and 2) no 
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weight may equal zero, so that DMU jo may not 
negIect an input or output which makes it look bad. 

The Data Envelopment Analysis method 
evaluates each DMU individually. In this 
application, each university receives input and 
output weights which maximize its relative 
&ciency score. This optimal set of weights will 
give at least one university a perfect efficiency score 
when the weights are applied to all of the 
universities. For each university, the corresponding 
set of perfect-scoring universities comprises its 
efficient reference group. These perfect-scoring 
universities make up the efficient frontier. 

In mathematical terms, the goal is to maximize, 
for each DMU jo, the ef5ciency score 

subject to 

r=l 
m 

5 1, for all j, 

C vixI 
i=l 

and 

where s is the number of outputs and m is the 
number of inputs, r= 1, . . . , s, and i=l, . . . , m; x,, 
and y,. are the input and output for DMU j, 
respectively; u, and v, are the weights which are 
chosen to find the maximum of ho; and E is a very 
small constant, meaning that all inputs and outputs 
must have a non-zero weight (El-Mahgary and 
Lahdelma 1995). 

The evaluation of DMU j o  produces two sets of 
weights. One set comprises the u and v weights, 
which maximize that DMU's efficiency score ho 
given by the formula above. Multiplying the inputs 
of DMU jo by ho should yield input levels 
approaching those of the hypothetical companson 
unit. The other set comprises the A weights applied 
to the other DMUs. The A weights are applied to the 
inputs and outputs of the efficient DMUs, and the 
resulting weighted sums are the inputs and outputs 
of the hypothetical comparison unit for DMUjo . 

Data Envelopment Analysis provides a target 
performance level for each DMU. An efficient DMU 
in an inefficient DMU's reference group is a real- 
world example of what the inefficient DMU should 
be able to achieve (Boussofiane et al. 1991). 

DEA APPLIED TO UNIVERSITY ENERGY 
CONSUMITION 

A demonstration of this method will show what 
land of results this method gives, and how those 
results may be used. This demonstration used 
energy consumption data from SANRED and 
enrollment and research spending data from the 
Texas Higher Education Coordinating Board for 
Fiscal Year 1994 (THECB 1995). The analysis was 
performed using an early DEA computer program, 
CCRl, which was developed by the Center for 
Cybernetic Studies at the University of Texas at 
Austin (Dieck Assad 1986). 

This relatively simple software was adequate for 
illustrating the DEA method, but the limitations of 
the program mean that the results of thls analysis 
should not be considered prescriptive. The 
institutions will therefore be identified by letters, not 
by their names. Table 1 lists the institutions 
included in the analysis (identi£ication letters were 
not assigned in the order of the table). Health 
science centers are excluded because their outputs 
M e r  from those of the other institutions. 

Although a total of six inputs and outputs have 
been identified, CCRl can only handle a total of five 
inputs and outputs (Dieck Assad 1986). Because all 
universities use electricity and all but one use fuel, 
but only a handful use purchased thermal energy, 
thermal energy will be dropped from the set of 
inputs. The thermal energy users will therefore be 
eliminated from the sample. Dropping these 
institutions will not affect the efficiency ratings of 
the ones remaining, because an institution using no 
thermal energy would never have a thermal energy 
user in its reference group. Therefore, the analysis 
assumes this model of university energy 
consumption: 

(electricity, fuel) + (undergraduate semester credit 
hours, graduate semester credit hours, total research 

expenditures). 

THERESULTSOFDEA 
Table 2 shows the results for this analysis. Each 

inefficient institution listed in the far left column has 
a corresponding efficient hypothetical comparison 
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unit. The demonstration yields seven ''efficient" 
universities with efficiency scores of one: P, R, U, 
W, X, Y, and EE. 

Table 1. Institutions included in DEA sample. 

Angelo State University 
Lamar University 

Lamar-Orange 
Lamar-Port Arthur 

Midwestern State University 
Prairie View A&M University 

Sam Houston State University 
Southwest Texas State University 
Stephen F. Austin State University 

Sul Ross State University 
Tarleton State University 

Texas A&M University at Galveston 
Texas A&M University-Corpus Christi 

Texas A&M University-Kingsville 
Texas A&M University 

Texas M M  University-Commerce 
Texas A&M University-Texarkana 

Texas Southern University 
TSTC-Amarillo 

TSTC-Harlingen 
TSTCSwetwater 

TSTC-Waco 
University of HoustowClear Lake 
University of Housto~Dowrto\~~ 
University of Texas at Arlington 

University of Texas at Austin 
University of Texas at Dallas 
University of Texas at Tyler 

University of Texas-Pan American 
University of North Texas 

West Texas A&M University 

For a given inacient  institution, the inputs and 
outputs of the hypothetical comparison unit are a 
linear combination of the inputs and outputs of the 
efficient institutions in its reference group. The 
inputs and outputs of each efficient institution are 
multiplied by the weights in the table and summed to 
yield the inputs and outputs of the given inefficient 
institution's hypothetical comparison unit. Not all of 
the efficient institutions are necessarily part of a 
given reference group; for example, University DD 
has only one institution, University EE, in its 
reference group, and all the other efficient 
institutions have weights of zero. (An efficient 
institution will naturally have only one institution-- 
itself--in its reference group.) 

Consider the results for University T. The 
members of University T's reference group are 

Universities P and R The inputs and outputs of each 
of these efficient institutions are multiplied by that 
institution's weight. These weighted inputs and 
outputs are summed to ~d the input and output 
values of University T's hypothetical comparison 
unit. University T's efficiency score of 0.9757 
suggests that this institution should, based on the 
performances of its reference group, be able to 
reduce its energy consumption by (1 - 0.9757), or 
approximately 2.2%. 

Figure 2, a direct comparison of University T 
with Universities P and R, shows which forms of 
energy University T consumes the most efficiently 
(El-Mahgary and Lahdelma 1995). The inputs and 
outputs are normalized so that no output value is 
greater than 100 and no input value has a negative 
smaller than -100. The fuel consumption of 
University T is only slightly greater than that of its 
nearest counterpart, University P. However, 
University T's electricity consumption is much 
greater than that of University P. Therefore, that is 
the area in which University T needs the most 
improvement. 

Undarpd Grad. 
k c .  Fuel Cra& Hrr. Crab( Hn. Rer. bcp 

-100 1 - 
Factors 

Figure 2. Factors for University T with respect to its 
reference units. 

The same kind of graph can also show why one 
institution is considered more energy-efficient than 
another. Figure 3 shows a comparison of University 
AA with its only reference unit, University X. 
University AA consumes much less electricity and 
slightly less fuel than University X. However, it has 
much lower undergraduate enrollment than 
University X, and it has no research expenditures at 
all. University X consumes more energy than 
University AA, but it also delivers much more 
output. University X is therefore more energy- 
efficient. 

ESL-HH-98-06-16

Proceedings of the Eleventh Symposium on Improving Building Systems in Hot and Humid Climates, Fort  Worth, TX, June 1-2, 1998



Wlclency 
Score UNIV. P 
0.3936 0.003 t !Ights o 

UNIV. U 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
1.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

Undergraduate 
Sem. Cred. Hrs. 

154956 
160663 
2x100 
131989 
541657 
326483 
320595 
495569 
337004 
51119 
144331 
167643 
159730 
234234 
450907 
948560 
147885 
108145 
38207 
986823 
70526 
63697 
83718 
160656 
17636 
125540 
86473 
32003 
15636 
49068 
30589 

Graduate 
Sem. Crtd. Hrs. 

8353 
34130 
11764 
6687 
90572 
12702 
21210 
36315 
19252 
1 1209 
15534 
10998 
19855 
34002 
76799 

270229 
13821 
54618 

0 
135383 
21751 
13764 
45943 

0 
4776 

0 
0 
0 
0 
0 
0 

Research Exp. 
Actual 

0.4 78.3 

Fue 
7 

Actual 
74.6 
83.7 
156.7 
44.2 

208.4 
39.1 
11 7.5 
632.3 
163.9 
58.2 
171.2 
41.4 
30.1 
52.9 

249.1 
4553.2 
174.5 
104.7 
26.8 

5251.9 
1.8 
11.2 
5.4 
4.6 
0.4 
67.3 
3.9 
8.8 
73.3 
6.8 
3.2 

Table 2. Results of Data Envelopment Analysis Demonstration for Texas State Universities. 
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Undcrlrad Grad 
E k .  Fuel Credt Hm. Credt H n .  R n .   ID. 

Factors 

loo - 

Figure 3. Factors for University AA with respect to 
its reference unit. 

80 -. 
d 60- 

The analyst can see the overall effect of an input 
or output on the institutions7 efficiency scores with a 
graph like Figure 4 (El-Mahgary and Lahdelma 
1995). There does not appear to be a correlation 
between a university's size, as represented by its 
undergraduate enrollment, and its efficiency score. 
Most of the e£ficient institutions are relatively small 
ones, but the two largest institutions are also highly 
efficient. 

Undergraduate Credt Hours 

40 -- 
8 20.- - 
2 0 -  I , -20 -- 
0 

g 4 
-- 

In 60- 4 

4.0 -. 
-100- - - 

- 

Figure 4. Efficiency vs. Undergraduate Credit 
Hours. 

- 

CONCLUSIONS 
Data Envelopment Analysis has been found to 

be an appropriate method for evaluating university 
energy consumption according to productivity. This 
method bypasses the uncertainties intrinsic to using 
floor area to measure the amount of service provided 
by a facility. It obviates the assignment of values to 
disparate sources of energy. Each institution 
receives target energy consumption levels based on 

the actual energy consumption of other institutions 
with comparable output levels. Various data 
visualization techniques show how various factors 
affect institutions' efficiency scores. 

FUTURE WORK 
The university data should be analyzed using all 

three energy inputs. Current research involving 
DEA uses the standard optimizing code GAMS 
(General Algebraic Modeling System), which allows 
easy modification of the DEA model (Olesen and 
Petersen 1996). This is significant because the 
model proposed in this paper might not contain all of 
the important inputs and outputs. 

The effects of external factors which might 
influence energy efficiency should be examined 
LoanSTAR spending average weekly classroom and 
laboratory utilization, and the degree of classroom 
technology use all might set an institution apart from 
its apparent peers. Entirely uncontrollable factors 
such as weather may also be sigmficant. The 
influence of these factors on efficiency scores could 
be evaluated using regression analysis. 

External, uncontrollable &tors affecting energy 
eiiiciency can be included in the model as fixed 
inputs and outputs. For example, LoanSTAR 
spending, which muld improve the energy 
efficiency of a campus, could be included as a fixed 
input (Claridge et al. 1994). This would prevent the 
unfair comparison of an institution with low 
LoanSTAR spending wrist one that has received 
many energy-efficiency improvements. 

The DEA method ultimately will prove its worth 
if it helps reveal practices by energy-acient 
universities which the less efficient universities can 
use. DEA could help university energy managers 
identify which universities have the best energy 
consumption practices. 
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