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Introduction

The last 25 years have been a roller coaster ride for
energy markets. World oil markets have taken dramatic
swings, impacting oil production and consumption patterns.
Domestically produced energy resources, natural gas and
electricity, have experienced swings in price and consump-
tion patternsinresponseto changesin technology, regulation,
and other energy markets. Inrecent years, patterns of energy
use continueto change. In 1997 and 1998, the economy grew
at a rapid rate without a significant increase in energy
consumption, even though prices declined. If the growth in
the economy was largely in low-energy-using sectors, this
declineinintensity could be attributed to a shift in economic
activity rather than energy efficiency improvements.

For this paper, we use datafrom the Energy Information
Administration (EIA),2the Bureau of Labor Statistics(BL S),®
and Argonne National Laboratory (ANL) to examine recent
trends in energy use, focusing on the relationship between
nontransportation energy use and economic activity. We
separately examine trends in aggregate, nontransportation
electric and fossil fuel use relative to the gross domestic
product (GDP). Specifically, we examine trendsin the U.S.
aggregate energy/output ratio or energy intensity of the U.S.
economy (i.e., the ratio of nontransportation electricity
consumption in kilowatt-hour [kKWh] or fossil fuel consump-
tion in Btu to GDP). We develop severa indices to help
explainthechangesinthesetwo measuresof energy intensity;
in particular, we adjust aggregate electric and fossil fuel
intensity to account for shifts in the composition of US
economic activity. We then examine whether these compo-
sitional changes, or sectoral shifts, in US economic activity
explainthedramatic declinesin theratio of nontransportation
energy use to GDP in 1997 and 1998, relative to recent
history. The portion of energy intensity that is not explained
by compositional changesis labeled real energy intensity.

Inthelate 1980s and 1990s, aggregate energy intensities
in the nontransportation portions of the economy declined.
This decline was larger and steadier for nonelectric energy
than for electricity. Our analysis finds that, for both types of
energy, sectoral shift played an important rolein the decline.
Therewasan increasein therole of sectoral shift (i.e., amore
rapid decline) in 1997 and 1998. This increase in sectoral
shift was augmented by a more rapid decline in real energy
intensity relative to earlier years, resulting in the large
observed drop in aggregate energy intensities.

There are a variety of potential explanations for this
apparent change in the behavior of energy use relative to
GDP. Rapid overall productivity due to new investment,
energy efficient technology that is cost effective despite
falling prices, short-term fluctuation in weather-sensitive
energy loads, and changes in the mix of economic activities

* Gale A. Boyd iswith the Argonne National Laboratory and John
A. “Skip” Laitner is with the U.S. Environmental Protection
Agency. Thisisan edited version of a paper presented at the 24th
Annual International Conference of the IAEE in Houston, TX.
See footnotes at end of text.

may all have contributed. We focus on measuring the
economic mix, but also examinethe possiblerole of the other
factors, once we have accounted for the mix of underlying
economic activity.

Historical Context

Previous studies have shown that some portion of the
changes in aggregate energy intensity may be explained by
therelativegrowth or declinein moreenergy-intensiveor less
energy-intensive activities (e.g., shifts from heavy manufac-
turing to high techiindustriesand services). Whenthese shifts
are accounted for, a clearer picture of the changes in the
efficiency of the underlying energy-using activities is ob-
tained. Studies of U.S. manufacturing over various years
have found that as much as one-third of the declinein energy
intensity was due to sectoral shift, with the remainder
attributable to improvementsin efficiency. Other studies of
different countries, sectors, and years have found varying
results. For some countries or years, shifts have had little
empirical effect.* When examining aggregate energy inten-
sity, it is important to account for the impact due to the
composition of the underlying energy-using economic activ-
ity.

If we look at the very long picture of changing energy
intensity (Figure 1), we seehow energy use hasevolvedinthe
United States. Primary energy use per dollar of GDP (using
1992 chain-weighted dollars) was declining slightly before
the energy price increases of the seventies, when the decline
accelerated. Inthe late eighties, energy prices began falling
and the decline moderated. For electricity consumption, the
trend is quite different. Electricity intensity increased until
the mid-seventies. At that time, the increase stopped and
intensity declined slightly.

In this paper, we focus on two measures of energy
intensity: electricity end use in kWh and nonelectric energy
use in nontransportation sectors in Btu, but first we examine
long-term trends for several other measures of energy use.
Figure 1 shows theratio of five types of energy useto GDP:
(1) primary energy, (2) primary energy less electric end use,
(3) nonelectric energy (i.e., primary energy less electric end
use and losses), (4) nonelectric energy consumed in
nontransportation sectors, and (5) electric end use. Energy
prices are also shown in Figure 1.

All measuresof energy intensity, except electric end use,
show similar patterns after the late seventies but differ in the
earlier years. Electric end use intensity follows a quite
different pattern, rising at first, then declining only dlightly;
al other measures fall at various rates over the historica
period. If we focus on measures 1-4, we can explain some
of the difference in the trend lines. A more rapid declinein
nonelectric energy than in primary energy less electric end
use reflects the improved efficiency of electric conversion
that occurred in the sixties and late seventies; there is little
difference in the trend thereafter. Nonelectric energy con-
sumed by nontransportation sectorsis quiteflat in the sixties
and early seventies. This measure follows the general trend
of the other measures, but declinesmoreslowly intheeighties
than the nonelectric energy intensity with transportation
included, when corporate average fleet economy (CAFE)
standardshad animpact onthetransportation component. All
four measures of nonelectric energy intensity exhibit a
similar, morerapid declinein 1997 and 1998 than in the early




nineties. A much smaller decline in intensity isin evidence
for electric end use intensity.

Wefocusontherecent trendsin intensity for electric and
nonelectric less transportation measures in more detail.
Since we are effectively removing -transportation sector
energy usefrom our analysis, we use BL Sdatato adjust GDP
by removing commercial (for hire) transportation-related
economic activity.®

Index Number Analysis of Recent Trends
This section presents a decomposition of the electric

Figurel

Long-Term Trendsin Energy Relativeto GDP and Energy Prices

once we accounted for sectoral shifts. Aggregate electricity
intensity from 1983-1998 isthe same asit wasin Figure 1 but
is indexed to 1983 instead of 1973. The volatility in
electricity/GDP ratio in the late eighties was driven by
sectoral shift; specifically, production swings in primary
aluminum, steel, and refining.? Sectoral shift accounted for
about half of the overall -0.3% annual change in energy
intensity during the period. Sectoral shift was more stablein
the nineties, accounting for nearly all of the slightly higher -
0.4% annual intensity change during that period. The
average contribution of efficiency improvements remained
nearly the same over
theentiretimeperiod,
exceptinthelastthree
years. 1n 1995-1998,
shift contributed about
—0.3% to annual de-
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energy intensities and nonelectric, nontransportation energy
intensities from 1983 to 1998. We compute an index of the
contribution to energy intensity of the changing composition
of economic activity. The remainder is treated as “real”
intensity change. ldentifiable trends in sectoral change and
real intensity are examined. In particular, we look for any
departure from recent history in 1997 and 1998.

Electricity/GDP Trends: 1983-1998

The recent drop in electricity intensity occurred during
aperiod of very rapid economic expansion. Using EIA data
on electricity sales by sector and BLS data on economic
activity, we compute an index of sectoral shift. To examine
whether efficiency improvements or economic shifts among
individual industrial sectors drove this decline in intensity
reguiresamoredetail ed accounting of industrial activity than
total industrial energy use. Using energy datafrom the LIEF
model, together with BL S data, we disaggregated the indus-
trial sector into 18 separate sectors.® A Divisia index of
sectoral shift is computed from 1983-1998.7

Figure 2 showsthe recent trendsin electricity efficiency

ergy. Toovercomethis
limitation, atwo-sector Divisiaindex is computed for 1983-
1998.° The results of this analysis are shown in Figure 3.

The decline in the ratio of aggregate nonelectric energy
use to GDP is much larger than that of electricity to GDP,
averaging —1.8% annually. When the index of shift is
computed, we see that sectoral shift slowed the decline of
aggregateenergy intensity until 1988 by offsetting somelarge
increases in nonelectric energy efficiency. After 1988,
sectoral shift accounted for nearly al (-1.4%) of the annual
declineinaggregateintensity (-1.7%). However, in 1997 and
1998, aggregate intensity declined dramatically at —6.0%
annually. From 1997 to 1998, sectoral shift caused a-2.7%
annual rate of energy intensity, with an additional —3.3%
remaining. In the previous 10 years, rea intensity had
averaged only -0.2% annual change.

Observations on Energy I ntensity Changes from 1996 to 1998

Compared withtrendsin prior years, energy trendsinthe
more recent years looked quite different. The recent years

(continued on page 6)




Trendsin Energy Intensity (continued from page 5)

showed amarked accel eration of energy intensity decline. If
we look back to the point where energy prices took major

curred for both electricity and nonelectric energy intensity.
The increase and overall magnitude in sectoral shift was
much larger for nonelectric energy. Thisis not surprising,
since the difference in sectoral energy intensity was much

downward turn (1983 for electricity
and 1986 for nonelectric energy), an
interesting picture emerges.

During thel5-year period of 1983-
1998, the rate of aggregate electricity
intensity change was -0.3%, about half
of which was sectoral shift, and half
was rea intensity. During 1997 and
1998, electricity intensity changed by
an annual rate of —1.8%. Sectoral shift
doubled, from —0.13% to —0.26%.
After accounting for the sectoral shift,
weestimatethedeclineinreal intensity
as —1.6%.

For nonelectric energy use in the
nontransportation sector, the rate of
change in aggregate energy intensity
was —1.3% from 1986-1998. Almost
four fifths, -1.0%, was sectoral shift;
the remainder of the change was de-
clineinreal intensity, -0.2%. Between
1996 and 1998, the impact of sectoral
shift increased to —2.7%, almost a
factor of three. Real intensity declined
even more dramatically, to -3.3%.

To understand the significance of
changes in 1997 and 1998 from past

trends, we should consider the possible underlying economic
effects of both the structural shift and the real energy
intensity. First, the structural change in the economy toward
more value-added, less energy-intensive sectors appears to

haveincreased in recent years. Romm
etal. (1999) suggeststhat theroleof the
Internet, orinformationtechnology (1T)
in general, isimportant. We examine
this opinion below in our underlying
data. Second, real energy intensity
showed someadditional reductionrela
tive to past years. There are many
reasons that this might have occurred,
despite falling energy prices. One
reasonisthat investment asapercent of
GDP was up significantly, which may
havedriven changesinthe productivity
component of real energy intensity.
Another reason may be the success of
government-sponsored, voluntary en-
ergy-efficiency programs, which may
have started to show animpact. Onthe
other hand, we consider that 1997 and
1998 energy use may have been driven
by changesinweather-sensitiveenergy
loads. We discuss each of theseissues
in turn.

Structural Change and | nfor mation
Technology

The increase in sectoral shift oc-
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Decomposition of Electric Energy Intensity
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wider for nonelectric energy than for electric energy. Itisthe
difference in energy intensities between sectors that was the
underlying cause of the sectoral shift phenomenon. High
value-added information sectors of the economy were much

Figure3
Decomposition of Nonelectric, Nontransportation Energy I ntensity
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lower in nonelectric energy than electric energy. These
sectors grew most rapidly in the last few years.
Thegrowth of thel T sectorshasbeen cited anecdotally
as an important driver of change in the U.S. economy. A
report by the Department of Commerce (DOC 1999) identi-
fies several IT sectors, many of which are included in the
high-growth manufacturing sector taxonomy
used in this analysis.® To see how these IT
sectors may have driven results, we look at
the growth rates of the IT vs. non-IT sectors
in the LIEF “high-growth” manufacturing

the nineties, we find MFP at about 0.5%; nonelectric and
electric productivity, adjusted for sectoral shift, both average
only about 0.2%. Inthe more recent years, wefind that MFP
was up sharply, averaging about 3.0% in 1994-1996. Energy
productivity was also up, averaging 1.0% and 3.3% for
electric and nonelectric, respectively. For nonelectric en-

Figure4

Comparison of Single Factor and Multifactor Productivity M easures

sector. Wefound that the high-growth manu-
facturing sector grew at an average annual

rate of 5.8% from 1983 to 1998. The IT
manufacturing component grew at 12% an- 1.,
nually. Thel T nonmanufacturing component
grew at 3.5%, only dlightly better than the 1o
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overal economy (3.0%) and non-IT high
growth sector (3.3%) and less than the com- 1
mercial sector overall (3.6%). It appearsthat
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thel T growth strongly influenced the sectoral °®
shift results.

Investment and Productivity

It is well understood that investment in
new capital drives the productivity advances

—— Private Business Multi-factor Productivity
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—e— GDP/Person Hour

—+— GDP/Non Electric Energy Consumed by Non Transportation Sectors

in the economy. Since energy intensity,
energy per unit of output, is simply the

inverse of productivity (measured as output s 1960
per unit of input of energy or some other

resource), it is helpful to examine overall

productivity trends in energy and other inputs. Figure 4
shows the aggregate energy intensity measure discussed
above represented as productivity measures. These are
compared to measures of labor productivity and multifactor
productivity (MFP).2* In recent years, nonelectric energy
productivity outpaced labor productivity. On the other hand,
we see that electricity productivity was quite close to MFP.

MFPistypically viewed as an economywide measure of
technical change. Other thingsbeing equal, onewould expect
single factor productivity to be about equal to MFP. Single
factor productivity (e.g., labor or energy) may diverge from
MFP if the intensity of other factors, particularly capital,
raises the effectiveness of those other inputs. The BLS
estimates that increased capital intensity contributed 0.4% to
labor productivity between 1990 and 1997 (the last year for
MFP data). This contribution compares to 0.5% average in
MFP over the same period. Capital deepening, the addition
of more capital per unit of labor through increased invest-
ment, is an important component of labor productivity. The
impact on energy productivity depends on the substitution
relationship between energy and capital.

Atkeson and Kehoe (1999) illustrate a “putty-clay”
model where energy and capital are long-run substitutes.
This view is also consistent with engineering studies of
energy efficiency. Thisview suggeststhat capital deepening
would tend to augment the MFP trend to improve energy
productivity. On the other hand, capital requires energy to
operate, so the rate of capital deepening would have to be
compared to the differences in energy intensity in new
capital.

If we simply compare the empirical growth rates from

1965 1970 1975 1980 1985 1990 1995 2000

ergy, themagnitude of MFP and nonelectric productivity was
quite striking. The lower value for electric productivity
suggests that capital deepening required additional electric
energy use, but that the net effect was still an improvement
in energy productivity.

Energy Efficiency Programs

There are many government- and nongovernment-spon-
sored programs for energy-efficient technologies. These
include the Federal Energy Management Program (FEMP),
the U.S. Department of Energy (DOE) and U.S. Environ-
mental Protection Agency (EPA) Energy Star Programs,
Green Lights, and Climate Challenge Program. In addition,
regulatory programswere implemented during the period we
examine. We do not provide a comprehensive analysis of
these programs but use estimates of the electricity savings
from a small group of these programs to illustrate the
magnitude of these savings, relative to our measured histori-
cal trends.

EPA has estimated the electricity consumption savings
from the Energy Star and Green Lights programs. These
programs, which began in the early nineties and havefocused
on the residential and commercial end-use sectors, saved an
estimated 26.2 billion kWh in 1998. This amount is almost
three times the savings from these programs only two years
beforein 1996 and about 1.3% of USretail salesof electricity
in those sectors. If we plot the contributions of these
voluntary program estimates on top of the real electricity
intensity, we can see the difference that they began to make

(continued on page 8)




Trendsin Energy Intensity (continued from page 7)

(Figure 5). At the same time, other voluntary energy-
efficiency programsthat showed astrong level of savings. A
careful accounting for successes in each of those operations
would serve to increase the distance between the actual
reduction in electricity intensity and what “would have
been.”

Short Term Variation Due to Weather-Sensitive Energy Use

The changes in 1997 and 1998 described in this paper
might beattributabl eto short-term fluctuationsaround along-
run trend. In particular, weather may have driven the year-
to-year energy use patternsin amanner consistent with these
results. To examine this, we regress the annual growth rates
in electric and nonelectric real intensity against the changein
heating and cooling degree-days. This approach should
capture the weather-sensitive variation in the energy inten-
sity, after our corrections for sectoral shift. Table 1 shows
the results (t-statistic shown beneath the coefficient esti-
mates). The intercept is the average growth rate in shift-
adjusted energy intensity. The only statistically significant
coefficient isfor the effect of cooling degree-dayson electric
intensity, although the heating degree-day variable might be
considered “marginally significant”. Both variableshavethe
correct sign; and the cooling degree-day is much larger, as
expected by the growth in air-conditioning load over the last
15 years. Neither weather variable is significant in the
nonelectric equation.

Sincetheel ectricintensity equation suggeststhat someof
the variation in the shift adjustment is explained by weather,
we wanted to see how well the equation predicts the last two

Figure5

Example M agnitude of Savings from a Few Voluntary Energy

Efficiency Programs

datapoints. Theactual valuesare—2.5% and —0.6% for 1997
and 1998, respectively. The predicted values are —0.6% and
0.3%, respectively. Collectively, the regression
underpredicted the declinein electric intensity in the last two
years by 2.8 percentage points. The nonelectric equation
actually did a better job of predicting the 1997 and 1998
growth rates of —2.5% and —4.0%. The predicted values
were —1.8% and —4.0%. However, the weak t-tests and the
counterintuitive sign on the CDD variable suggests that this
is not a strong contender to model variations in energy
intensity.
Tablel
Regression of Annual Growth Ratesin Real Energy

Intensity against Changesin Weather (t-ratio shown
below coefficients)

Change
I ntercept HDD CDD
Electric -0.10% 0.000019  0.000078
-0.24 1.24 2.04
Nonelectric -1.38% 0.00003  -0.00006
-1.49 0.90 -0.68
Summary

If the economy charts a course toward less energy-
intensive forms of economic activity, aggregate energy
intensities will continue to fall. It is till too early to tell if
the recent years of productivity and energy-efficiency im-
provements are the beginnings of a long-term trend in the
U.S. economy. However, we identify a number of underly-
ing effectsthat support this possibility. Althoughwebelieve
that short-term fluctuations in weather did
influence the weather-sensitive load (in par-
ticular, electricity), changes in heating and
cooling degree-days did not adequately ex-
plain the changein rea intensities. If these
short-term, weather-related fluctuations do
not explain the changes in energy intensity,

108

then we speculate that rapid productivity
improvements embodied in new capital in-
vestment may have generated net improve-
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ment in energy efficiency. Voluntary pro-
grams appear to play a measurable role in

U.S. real (adjusted) electricity intensity
through efficiency improvements. Although
an information-based, service-based, and
high-tech economy requires capital invest-
ment and uses energy to generate productiv-

099 | ity improvements, the shift away fromthefar
more energy-intensive manufacturing sec-
tors has had a measurable effect on the U.S.
098 X :
aggregate energy intensity. At the same
time, new and existing technology adoption
097 — — is being accelerated in the buildings and
""" Real Becticity Itensity without EPA Voluntary Prograrms offices of the same service and high-tech
—— Real Bedtricly Irtensity (Actel) companies. If these effects continue, then
0% recent trends in energy intensity may con-
tinue as well.
0% ‘ ‘ ‘ ‘ ‘ ‘ ‘ Footnotes
1990 1901 199 1998 1904 19% 1996 1997 198
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tection Agency, under contract No. W-31-109-ENG-38. Wewould
like to thank Howard Gruenspecht, Joe Romm, and Lee Schipper
for their helpful comments on an earlier draft of this paper.

2 Energy Information Administration (1999).

8 Andreassen and Chentrens (1999).

4 For an early reference on the U.S. manufacturing sector, see
Boyd et al. (1987). Greening et a. (1997) compares severa
methods for analyzing structural shift for 10 OECD countries.

5 We cannot remove transportation activity in firms that own
and operate internal vehicle fleets, only activity such as that
associated with for-hire trucking, rail transportation as a flow of
services is not included in GDP, so no adjustment is required for
those activities.

5 LIEF refersto the Long-Term Industrial Energy Forecasting
model (Ross et a. 1993).

7 See the appendix for technical details on the index number
approach.

8 These sectors exhibited very volatile patternsin the eighties.
For example, the annual growth rate in the aluminum industry was
—55% in 1985 and 44% in 1987. Although not as dramatic as
aluminum growth rates, annual growth rates in steel and refining
ranged from —21% to 28% in the late eighties and very early
nineties.

9 See appendix for details.

10 Some of the “IT producing sectors’ identified in the DOC
report are communi cations and broadcasting, whichweassigntothe
commercia sector, not manufacturing.

11 Data shown are for private, nonfarm business.

12 The term “rolling year” index is introduced by Lui to
represent an annual, year-to-year, chain-weighted index rather than
onethat always references abase year, 0, and current year, T. This
isthe same index frequently employed by earlier authors but called
simply a Divisiaindex (e.g., Boyd et al. 1987).
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Appendix: |ndex Number M ethodology

By using theterminology introduced by L ui et al. (1992),
we computed arolling year Divisiaindex.'2 of the component
of aggregate energy intensity that was due to sectoral mix for
theyearsthat the datawere available. Thisindex isgiven by:

L+ Al ) s = XP Z% L+ ) In(zAh)

—Y
Sir =", (1)
where Jisthetotal number of sectors. Energy use and output
are denoted by E and Y, respectively. For simplicity we
suppress any subscriptson E, although indices for electricity
and non-electric energy are both computed. The index of
total, or aggregate energy intensity is computed by:

(1+AI total )T 1T =1+ lnD%_lH 2

The real intensity is computed by the identity:
1+ Al gy )T—1,T =(1+Al mix)T—l,T 1+Al, )T—l,T &)

It is well known that many index number approaches,
including the one used here, suffer from aresidual term. The
index of real intensity derived from the identity in (3) would
include this residual, so might not be an accurate measure.
Angand Choi (1997) proposearefined Divisiaindex, theLog
Mean Divisia (LMD) index, which does not have this
problem. The LMD was applied to the data used in this paper
and the differences between the methods were empirically
inconsequential. The rolling year Divisia results are re-
ported.
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