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INTRODUCTION

The purpose of this review is to investigate the evolution of energy demand in
the United States since the carly 1970s with the goal of measuring the impacts
of improved enerpy efficiency. We examine the changes in final encrgy
demand that were induced by changes in cnergy intensities, which are related
to efficiency improvements: by changes in the apgregate activity fevels in
each major end-use scctor: and by changes in the structure of activity within
each seclor. Where possible, we examine the changes in cnergy-cfficicacy
trends caused by the drop in world oil prices in carly 1986. Finally, we offcr a
view on prospects for enhanced encrpy cfficicncy over the long-term future.

Methodology
Studies of comparative cnergy elficiency often make use of aggregate in-

dicators such as the ratio of primary energy use to Gross National Product

"The US Governiment has the sight 1o retain a noncxclusive. royalty-free ficeuse in and to any
copyright covering this paper.
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{GNP). But the use of encrgy/GNP ratios as cfficicncy indicators is suspect on
both theorctical and cmpirical grounds. The energy/GNP ratio is determined
not only, by changes in the cfficiency of encrgy utilization, but also by
changes in the growth of cnergy-using activitics relative to GNP. As a recent
study of the Norwegian cconomy shows (1) the effects of structural change on

" encrgy-output ratios may be substantial.

in this study we follow a fundamentally different approach. We examine
the cvolution of cnergy usc in cach major end-use scctor and relate the
changes that occurred to the effcets of three causal factors: (@) changes in the
aggregate level of cnergy-using activitics in each sector: (b) changes in the
structure or composition of activigics: and (¢) changes in energy intensities, or
encrgy usc per unit of activity or output. Of these three factors, only energy
intensity (actually its inverse) is conceptually related to energy efficiency.
Our work builds on and extends similar analyses performed by the Pacific
Northwest Laboratory (PNL) (2) and the US Dcpartinent of Energy (DOE)
(3.

Our approach is one of factorization. For each scctor we measure changes
in activity, structure, and intensity and calculate the change in energy use that
would have occurred in response to cach factor if the other two had remained
constani at basc-year (1973) values. We then comparc the overall activity
change in cach sector with the change in GNP. Where fuel swilching is
important we estimate the energy usc that would have occurred in 1987 if fucl
choice shares of 1973 had remained constant. Where possible, we dis-
aggregate encrgy use by fuel type to circumvent the difficulties involved in
the sclection of an aggrepate cnergy index (4).

We then scek to measure the impact of improved encrgy efficiency on fotal
encrgy use by comparing cncrgy intensitics in 1973 and 1987, noting the
differences, separating out the effects of fuel substitution where possible, and
then multiplying cach difference by the corresponding level of affected
aclivity in 1987. For cxample. automobiles and light trucks in the United -
States required approximately 6.35 MJ/vehicle-km in 1973, but only 4.3
MJtvehicle-km in 1987. Since these vehicles were driven 2.7 trillion vehicle-
km in 1987, cfficicncy improvements “saved™ 5.5 EJ of fuel, or about two
and onc-hall miflion barrels per day of oil cquivalent. These “savings™ show
how miuch more encrgy would have been used had intensity not fallen. While
cnergy infensitics arc not strict indicators of encrgy clficicncy because they
arc determined in part by behavioral and structural factors—the energy inten-
sity of stecl manufacture may, for example, decline cither because of im-
proved process technologics or because of increases in the utilization of scrap
metal—cnergy infensitics arc observable while technical cfficiency generally
is not.

We summarize our findings by noting how major activities grew or con-
tracted within cach scctor, and whether measures of overall scctoral activity
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grew more or less rapidly than GNP. Similarly, we can index the changes in
intensity we observe to see which were rapid and which were slow, with an
eye {o the changes in the enesgy/GNP ratio. From this analysis we can identify
the most important causes of change in US energy use since 1973, and hence
likely sources of change—upward or downward—in the future.

In this approach we do not aitempt to assign behavioral causes to energy
savings. Thus while we refer to changes in prices and incomes that doubtless
had fundamental impacts on the evolution of structure, energy intensity, and
fuel choice, we leave a formal treatment of the impact of these factors for
another study. But we do identify the physical components of energy saving,
such as greater load factors in air travel, or a shift to slightly smaller
automobiles. And where possible we attempt 1o distinguish between change
that is reversible and change that is essentially permanent.

Seciors, Time Frame, and Data Considered

We focus on five energy use sectors—passenger transport, freight transport,
households, the service sector, and manufacturing—that together account for
approximately 80% of end-use energy as measured by the Department of
Energy (Figure 1) (5). Our time frame is 1973 to 1987, although we have
studied manufacturing energy use back to 1958, residential energy use as far
back as 1960, and transportation energy demand back to 1970. The approach
requires a reasonably accurate disaggregation of the residential and service
sectors. We disaggregate manufacturing energy use {rom that of other in-
dustry, including the mining, agriculture, and construction sectors, about
which little is known in spite of the fact that they used some 5.3 EJ of energy
in 1985. Unfortunately, the last year for which the manufacturing sector data
are disaggregated is 1985. We use a bottom-up disaggregation of energy use
and activity for passenger travel, omitting travel by school bus. But we do
estimate the important impact of light trucks on total passenger travel. For
freight, we have estimated the haulage by light trucks but ignored natural gas
use in pipelines (about 0.7 EJ in 1987) because there is no measure of natural
gas movements. In all we estimate that the many uncertainties in encrgy
demand and activity levels are smaller than the most important changes that
have occurred since 1973. Hence we believe our conclusions are robust.

Summary Findings

Our principal findings are (see Table 1):

1. Aggregate energy inteasities in the residential, services, manufacturing,
freight, and passenger transportation sectors, adjusted for changes in the level
and structure of sectoral activity, fell by a weighted average of 24% between
1973 and 1987. Adjusted primary cnergy intensitics fell by a weighted
average of 21%. Since the US energy/GNP ratio fcll by 31.8% for delivered
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Figure | Delivered energy use by end-use sector. The residual category accounts for t
difference between total delivered energy and the end-uses covered in this analysis.

energy and 26.3% for primary energy over this period, this analysis sugges
that about three-quarters of the decline in the energy/GNP ratio was induce
by reduced energy intensity, while the remainder was caused by structur
change and interfuel substitution.

2. Actual energy use for the five sectors surveyed in detail was S1.4 EJ
1987, or 70.7 EJ including electricity generation and transmission losse
Taking into account changes in the level and structure of energy-usii
activities, the efficiency improvements described above translate into savin
of 16.5 EJ of delivered energy or 19.7 EJ of primary energy. .

3. The largest reductions in energy intensities occurred for automobile ai
air travel, home heating, and fuel use in the manufacturing and servi
sectors. The energy intensity of truck freight, in contrast, actually increase
A decline in load factors and a rise in the importance of light trucks f{
personal transportation together limited the decline in the system intensity
private vehicles to only 15%.

4. The decline in fuel intensity for most fuel-using processes, together wi
the increase in the number of electricity-using processes, caused the share
detivered energy as clectricity to increase from 11.2% to more than 16
Direct substitution of electricity for fuel in space and water heating or cooki
had only a minor effect on this overall shift.

5. Changes in aggregate sectoral activity levels boosted delivered a
primary energy use by 35%. But the activity levels of the freight, passeng
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fmpacts of changing activity fevels, sectorai structure, and structure-adjusted cnergy intensity

indicator/sector

Definition/description of factors

fmpact on sccioral encrgy use
between 1973 and 1987

Delivered energy Primary encigy

Activity

Passenger transportation

passenger-km/yr +371% +31%
Freight tonne-km/yr +28% +28%
Manufacturing manufacturing value-added +43% +43%
Residential population +15% +15%
Services service scclor value-added +50% +50%
Weighted average®® +35% 435%
Structure
Passenger transportation  modal mix +5% 15%
Freight modal mix +4% 14%
Manufaciuring industry-by-indusiry vaiue-added -171% -16%
shares
Residential houschold floor arca and appli- +26% +34%
ance
ownership per capita
Services commercial floor area per unit of -1% +6%
value-added, heating  fuel
swilching :
Weighted average® +1% +5%
Energy intensity
Passenger transportation  modal encrgy intensities -20% -20%
Freight modal energy intensities® -5% -5%
Manufacturing industry-by-industry energy in- -31% ~26%
tensities
Residential useful space heat energy per unit -24% -21%
of home area, electricity per
appliance, useful energy per
capita for cooking and hot
waler
Services energy use per unit of com- -29% -18%
mercial floor arca
Weighted average®d -24% -21%
Actual energy use
Passenger transportation +13% +13%
Freight +27% +271%
Manufacturing 2% -13%
Residentiat -3% +13%
Services +5% +25%
Weighted average® -2% +6%

® Weights are shares of 1973 energy use

*Real GNP increased by 40% over the period
¢ Includes the impact of changes in lnad factors
SThe energy/GNP ratio fell by 32% in terms of delivered energy and 26% in terms of primary encrgy
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transportation, and residential sectors lagged behind the 40% growth in GNP
whilc the proportion of GNP gencerated in the manufacturing sector remained
refatively constant. Only scrvice sector output grew more rapidly than GNP.

6. Structural change reduced manufacturing encrgy use but increased cner-
gy usc in the residential, freight, and passenger transportation sectors because
the mix of activitics became more encrgy intensive. Overall, structural change
within scctors increased US energy delivered use by only 1% and increased
primary energy use by 5%.

7. The recent slowdown in the improvement of US encrgy efficiency has
manifested itself in almost every sector, with the possible exception of
manufacturing. This slowdown represents a market platcau, not the con-
frontation with thermodynamic or technological limits. Public policies could
restore some of the interest in raising the cfficiency of encrgy use.

TRANSPORTATION SECTOR

Total transportation energy use consists of four components: energy use for
passenger transport, freight, natural gas pipelines, and a miscellaneous cate- .
gory that includes off-road equipment, private boats, military activities, and a
number of other residual items (6, 7).2 This section focuses on the first two
components, which rose from 17.5 EJ in 1973 to 20.3 EJ in 19873 with
temporary decreases observed following the oil shocks in 1973 and 1979
caused by declines in transportation activity.

Using data from Oak Ridge National Laboratory (ORNL), we describe the
structure of each subsector by noting the contribution of each mode, measured
by passenger-kim or freight tonne-km, to total subsectoral activity. We obtain
fuel use data from the same source. We measure vehicle fuel utilization
intensity (VI) in MJ/km for cars and trucks and in MJ/air-km for aircraft.
Complementing these fuel utilization indicators are modal energy intensities
(MI), measured in MJ/passenger-km and MJ/tonne-kin for passengers and
freight, respectively. Estimates of both VI and MI are available; we use Vi to
describe technological changes that reduce the fuel use of individual modes
and Ml to compare modes. Note that the changes in VI and M1 are often quite

20ur data follow Ross and the Oak Ridge Data Book, with onc important added assuinption:
We estimate that light trucks provided 7% of passenger travel in private vehicles in 1970, rising to
22% in 1987. We assumc that tight trucks used as passenger vehicles are driven the same distance
but with 10% higher load factors as automobiles. Data from the two Nationwide Personal
Transportation Surveys that covercd light trucks (1977, 1983) bear out this approximation. Our
estimate of light truck fuel cconomy, however, is taken from values for all light trucks. Note that
Ross uses vehicle-km as a measure of activity for autos/light trucks (and for truck freight), and
gets somewhat different results because the volume of vehicle-kim grew more than that of
passenger or tonnc-km in these modes.

IThese figures represent 89% and 90% of scctoral encrgy use in the respective years.
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different because of changes in wilization. These differences can lead to
differences in the measurement of energy saved by as much as 25%.

The Structure of Transportation

The total volume of passenger travel increased by 2.2% per year between
1973 and 1987, shightly more rapidly than population, but slower than GNP.
During this time the share of air transport increased from 6.5% 1o nearly 13%
of total travel, at the expense of automobiles and light trucks (Figure 2). The
share of bus and ratl activity, which is low by international standards, fell
trom 2.4% ol travel in 1973 10 only 1.9% in 1987. Thus the shift from
automobile to air was the major structural change occurring in this sector. If
only the mix of modes had changed between 1973 and 1987, travel-related
energy use would have increased by 5.3%.

The small share of rail and bus mass wransit deserves comment. In some
metropolitan areas mass transit carries as much as one-half of all trips to
work, but private vehicles dominate all other travel. The long-term decline of
the share of transit was reversed momentarily after the oil supply interruptions
of 1973 and 1979, but has continued unabated since 1982, The fact that mass
transit did not gain market share for any lengih of time while gasoline prices
were high suggests that high encrgy costs alone were not sufficient to revive
mass transit.

Related to the decline in the use of mass transit has been the increase in
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Figure 2 Passenger transporation per capita by mode.
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Figure 3 Freight activity by mode.

ownership of personal vehicles. The total number of automobiles and ligh
trucks operated for personal use rose from less than 90 million in 1973 (0.4
per capita) to around 120 million in 1987 (0.60 per capita), or more than on
vehicle for every person with a driver’s license. But while the number of car
and personal light trucks has grown steadily, the distance travelled per car pe
year has been remarkably stable, even as fuel prices varied by more than
tactor of two (6). This increased vehicle ownership, and therefore greate
driving per capita, not increased driving per vehicle, pushed total land trave
upwards over time. All the increased ground travel has been carried by thes

_vehicles, resulting in a loss of share for bus and rail modes. Because loa

factors in cars and light trucks declined from slightly more than 2 in 1973 ¢
around 1.7 in 1987, the growth in passenger-km (1.8%/yr) in this mode di
not keep pace with that of vehicle-km, 3.0%/yr.

The total volume of freight (excluding shipments of natural gas*) measure
in tonne-km, grew at an annual rate of 1.8% from 1973 to 1987. Like travel
freight grew less rapidly than GNP. The level of tonne-km by mode (excluc
ing gas in pipclines) fluctuated over time (Figure 3). The share of truck
increased slightly, and within trucking, the share of lighter, short haul truck

*Approximately 20% of freight encrgy use was in the form of natural gas used to n
compressors for natural gas pipelines. Unfortunately, no measuse of tonae-km for gas shipmen
is available. Since natural gas substitutes for coal and oil, both of which are counted in freig
shipments, the omission of natural gas is unfortunate. Similarly the small weight of water w
coal-slurry shipped is also unavailable.
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increased as well. If only the mix of modes had changes between 1973 and
1987, freight-related energy demand (excluding natural gas) would have
increased by 3.6%.

Although the modal mixes for both passenger and freight transportation
shifted towards modes with higher modal cocrgy intensity, the volume of

activity for each grew less rapidly than GNP. On balance, these changes
reduced transportation energy use relative fo GNP.

Intensity and Efficiency

Key energy-using vehicles became fess encrgy-intensive during the 1970s and
1980s. The VI of autesobiles fell by 33% to 4.3 M/vehicle-km or 19.1 MPG
between 1973 and 1987. Light truck VI, which is higher than that of auto-
mobiles, fell less, by 19% to 5.9 MJ/vehicle-km. But the share of light trucks
used as passenger vehicles increased to over 20% of the private passenger
vehicle stock. When figures for these two vehicle types are combined, the

~ result is only a 28% declinc in the VI of private vehicles. The VI for air travel
decreased by 22.7% between 1973 and 1987, to 305 Mi/km (7). Additionaily,
energy use per seat-km fell by more than 40% because the number of seats per
aircraft increased from 111 in 1970 to 161 in 1987. Technologically, then, VI
fell significantly for major modes.

Utilization patterns had different impacts on these modes. Load factors for
automobiles and light trucks fell from approximately 2.0 occupants per
vehicle in 1973 to 1.7 in 1987 (8).% As a result, the M1 of private vehicle
travel increased through 1979, and only fell 15% overali between 1973 and
1987. Load factors for transit buses fell, increasing energy intensity, but load
factors for AMTRAK increased, causing the encrgy intensity of intercity rail
travel to fail. Load factors for air travel increased significantly, from 54% of
available seats filled in 1973 to 62% in 1987. This change, combined with the
introduction of more efficient aircraft, caused the Ml of air travel to fall by
almost 50% between 1973 and 1987. Overall, the Ml of passenger travel
declined by 18% from 3.27 MJ/pass-km in 1973 to 2.69 Mi/pass-km in 1987.
The decline in individual intensities alonc caused a 20% decline in this
intensity.

The fuel economy of automobiles improved significantly. As a review by
Ross (6) shows, most of this improvement came about through improvements
in the economy and performance of new cars of a given interior volume;
“downsizing” of the fleet had only a minor impact on fuel economy. Further-
more, Ross shows that engine power per engine size increased. In other
words, the performance of new cars sold in the United States improved, but

3Automobile foad factors are estimated by ORNL from the Nationwide Personal Transporia-
tion Surveys (1969, 1977, 1983). Light trucks were included in 1977 and 1983. We have

assumed that foad factors and driving distances are approximately the same for both vehicie
types.
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VI fell. US Environmental Protection Agency (EPA) tests indicate that the
sales-weighted fuel cconomy of new automobiles increased to 28.5 miles per
gallon (mpg) (8.3 liters per 100 km) in 1988. The combined new car/light
truck average moved from 15.3 mpg in 1975 to 25.8 mpg (9.2 liters per 100
km) in 1988.

‘Two factors prevented these dramatic improvements from fully affecting
actual on-road fucl economy. Ross gives the test mpg of light trucks as 21 in
1988, down slightly from 1987, while that of automobiles rose to more than
28. 'The increascd importance of light trucks with lower fucl economy than
that of automobiles has thus restrained the improvement in overall new
personal vehicle fuel cconomy. Second, the actual EPA tests do not represent
real fuel economy, something well known for many years. This is because
driving in the city is not well simulated in the EPA tests. Moreover, the
distortion may have incrcascd over recent years (9). The share of driving in
citics has increased (DOE calls this the “rural-urban shift”), and the conges-
tion in cities, which depresses fucl economy, has worsened. Thus test mpg
may diverge as much as 22% from real mpg today as compared to the 15%
bias of the 1970s. This distortion applies to light trucks as well as cars.

The dramatic improvement in air fucl economy was documented by Gately
(10). New aircraft require significantly less energy per seat-mile than do older
ones, both because of improved engines and aerodynamic characteristics (i.e.
technology) and becausc most newer aircraft of a given type have more seats
(i.e. structure). For example, a Boeing 767 yiclds more than 60 seat-miles per
gallon, while a 707 of the original, pre-1960 vintage, gives less than 40. The
number of seats on many older aircraft has been increased. In some cases, the
engines on existing planes were upgraded, often in response to noise reduc-
tion regulations. As a result of these changes, scat-miles per gallon increased
for alnost every type of aircraft, typically from 30 to 40 for narrow-bodied
planes (707s, 727s, and 737s) and {rom 40 to almost 60 for the wide-bodied
models (747s, DC10s, and L1011s).

Changes in operations practices had an impact on fuel cconomy, too. As
noted above, the average load factor increased (7). Stage length, or the
distance flown per flight, increased by 23% from 742 km in 1978 10917 kmiin
1988 (11). This change increased fuel economy, because planes spend a
greater part of their flight actually cruising as stage length increases. Average
speed should then increase, for the same reason. Yet average speed, as
estimated by the US Federal Aviation Administration (FAA), was about the
same in 1978 as in 1988. That average speed did not increase suggests that
congestion around airports slows aircraft, increasing fuel consumption per trip
as planes circle or take other measures near cities. It appears therefore that
these two operational factors offset each other.

The story for freight was different than that for passenger travel. Ship and
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rail freight intensities each declined by about 30%. But truck freight intensit-
ies increased slightly by 6%, from 2.96 Ml/tonne-km in 1973 to 3.14
MJ/tonne-km in 1987.° Aliered utilization patterns appear to be the reason for
the increase in intensity, as well as a gradual increase in the importance of
light trucks with low loads. Overall, the change in intensity of all modes alone
through 1987 would have decreased freight energy use by 4.5%, but structural
changes towards greater truck freight offset this decrease by 3.6%.

According to statistics cited by ORNL (7), the Vi of light trucks, measured
in Ml/km, fell by 19% between 1973 and 1987, The VI of other single unit
trucks fell by 5% between 1973 and 1982 but has since increased over time.
And the VI of combination trailer/trucks fell by about 5% over the entire
period. When the entire stock is weighted using the Truck Inventory and Use
Surveys of 1977 and 1982 (12), Vi drops approximately 10%. Because these
changes are so small, changes in the utilization and mix of trucks affected
freight Ml more than changes in the fuel economy of individual classes of
trucks. The small improvement in fuel economy was more than offset by the
other changes in utilization patierns that increased the energy intensity of
freight haulage. In spite of the uncertainties, this finding suggests research is
aceded 10 improve the overall energy performance of trucking.

Conclusions: Energy Efficiency in Transportation

Between 1973 and 1987, the components of transportation energy demand
changed significantly, as Figures 4 and 5 show. Overall, transportation
energy use declined relative to GNP. The most important single component in
this decline was the reduction in the energy intensity of passenger travel. The
vehicle efficiency of the three major transportation modes has improved since
1973. Fleets of personal vehicles, aircraft, and trucks were 28, 40, and 10%
less energy intensive in 1987 than they were in 1973. This change alone saved
more than 7 El/yr of energy by 1987. Lower load factors in personal vehicles
increased energy use by 1.4 EJ, and lower load factors and shifts to more local
freight tratfic increased energy use for freight by more than 0.6 El. Although
our figures are not strictly combinable in a linear way, the savings implied by
these three changes are consistent with the 4 13 that PNL and DOE estimated
were saved between 1972 and 1986.

In 1989 the VI of new personal vehicles and aircraft was approximately

®Unfortunately there are no complete data for US freight haulage, only estimates of intercity
tonne-km and energy use. Freight carried by light trucks was estimated by assuming they carry
100 kg for the vehicle miles not assigned 10 personal light trucks. lntracity treight castied by
heavy trucks was estimated from the difference between velucle-miles of heavy trucks in intercity
travel and in all travel, multiplicd by 2.5 mit o represent a load. Over a wide range of assumptions
for these values these scems no question that the total energy used by trucks increased Saster than
the total volume of freight.
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Figure 4  Passenger transportation delivered energy use. Evolution of actual and hypathetic
transportation energy use for travel. Each “effect” is computed by having only modal intensit:
activity. or structure (modal mix) follow its actual path while holding the other two componen
constant at 1973 levels.

25% less than that of the existing vehicle stock, ensuring technologic:
decreases in fuel needs that are irveversible for the next several years. B
whereas the load factors of aircraft increased in the 1970s and early 1980
lowering Ml even more, utilization of both automobiles and trucks worsene«
in the latter case enough to cause an increase in MI. And preliminary da
suggest that the automobiles and light trucks purchased in 1989 will be mo
fuel intensive than those purchased in 1988. The V1 of other trucks stoppe
declining in 1982. Moreover, preliminary operating data from 1988 sugge
that fuel use per passenger-km for commercial aviation in 1988 was no low:
than in 1987. And average speed was headed downward, suggesting mor
congestion at airports. Thus the rate of improvement in actual fuel economy -
major transportation modes is clearly slowing down. While all three mod:
show promise for further improvements in technological efficiency, the:

improvements have been slowed by lower fuel prices and other factors.

OUTLOOK

Automobile transport is the single most important energy-using activity in t!
US economy. Thus changes in the fucl economy of cars will be important
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Figure 5 Freight transportation delivered encrgy use. Evolution of aciual and hypothetical
energy use for freight transportation. Each “effect” is computed by having only intensity,

activity, or structure (modal mix) follow its actual path while holding the other two components
constant at 1973 levels.

the nation’s energy future. Not surprisingly, there is concern over the recent
flattening of the fuel intensity of personal vehicles. Figure 6 shows key
features of this plateau. Indexed to real (or estimated) 1973 values are actual
fleet and test new vehicle fuel intensity (including that of light trucks) as
calculated by Ross (6), the real gasoline price, the real costkm of using
gasoline, i.e. the price index times the fuel utilization index. The sudden
decline in price (and cost) in 1986 is clear, as is the slow drop of equal
magnitude between 1982 and 1986. Not surprisingly, the decline in fuel
intensity slowed after 1982 and may have reversed in 1989. Indeed, the fucl
economy of cars imported into the United States peaked in 1983. Have auto
manufacturers exhausied ways of improving fuel economy?

The literature is replete with reviews of the potential for further im-
provements in fuel economy (6, 13-17). These references all point to a large
number of prototype cars that use less than 50% as much fuel per seat-km as
today’s average new car, and hence less than 33% of the present fuel per km.
In conversations with major automobile producers worldwide (including
BMW, Volkswagen, Volvo, Peugeot, and Gencral Motors), however, we
found that the outlook for stable oil prices has ail but crased fuel economy as a
major concern for auto manufacturers. Similarly, the lull in gasoline prices
has permitted, if not encouraged, Americans, Japanese, and Europeans to
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Figure 6 Pcrsonal vehicle fucl cconomy. Evolution of new-car and on-road fleet mpg and prices
in the United States. Prices are taken from Monrthly Energy Review. The on-road vehicle fuel
economy figures are calfculated in this study by summing values for cars and personal light trucks.
The new vehicle figures include all fight trucks sold. Sources: ORNL, ACEEE, LBL-IES

manufacture and buy more powerful and often larger cars in recent years.
Thus the plateau (and apparent reversal) in the weighted improvement in fuel
economy are as much a result of consumer indifference as of manufacturer
disinterest. As Ross (6) shows, total driving costs are relatively insensitive to
fuel costs. This was particularly true in 1988, when the real gasoline cost of
driving one km in the United States and many European countries was the
lowest in decades.

Difiglio et al (17) catalogue technologics that would improve test new-car
fuel economy {o nearly 40 mpg with no loss in amenity. Using a 7% real
discount rate and amortizing the increased costs over 10 years, Carlsmith et al
(18) found that improvements to 38.5 mpg would be cost effective at a
gasoline price of $1.43/gallon in 2000. But these discount rates are not typical
for consumers’ purchases of encrgy-using goods, as Rudermann et al showed
for appliances {19). Greene (20) finds that both the Corporate Average Fuel
Economy (CAFE) standards and to some extent higher fuel prices caused the
decline in fuel intensity after 1975, stimulating both consumers and producers
to focus on fuel economy. But with standards frozen today, there is no
pressure from this powerful stimulus. Moreover, with fuel prices and costs
as low as they were in 1989, it would be difficult to believe that fuel inten-
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sity would continue to decline rapidly, although technological improvements
could certainly keep pace with increases in inierior room and powers. The
high-mpg prototypes may never be commercialized, although important com-
ponents tested in these models may appear soon in ordinary automobiles.
Standards of some kind, combined with higher fuel prices, possibly through
taxes, appear necessary components of any policy designed to get both
producers and buyers to focus on fuel economy in the near future.

The fuel economy of trucks should not be overlooked. Better engines,
better acrodynamic designs, and, in some states, permission to pull two
trailers, all could contribute to lower VI. But the truck freight system itsell
has evolved towards a more energy-intensive mix of short haul modes and
smaller trucks, as a result of shifts in the kinds of products being shipped and
the patterns of shipping. And traffic congestion increases truck fuel use.
While the intensities of other freight modes have declined since 1973, these
modes have played a declining role vis-a-vis trucks, whose fuel use dominates
the subsector. As a result, the probability that the energy intensity of freight
hauling will fall over the short term future is slim.

The third most important subsector of transportation is air travel. Accord-
ing to experts at Bocing (. Wallace, private communication), three impor-
tant factors will affect future passenger aircraft fuel economy. Gradual
improvements in control technologies will reduce energy requirements
somewhat; breakthroughs in materials technologies that permit engines (o
operate at higher temperatures could boost engine performance significantly;
better scheduling and controlling will reduce losses at and around airports.
Each of these changes could reduce fuel intensity by 5-10%. More dramati-
cally, adoption of the by-pass fan engine would reduce fuel intensity by 30%
or more. But both Boeing and McDonnell-Douglas have put off development
of this engine indefinitely. The cost of new developments, expressed as an
incremental capital cost lor new aircraft, is too high relative to the cost of
fuel. Hence expectations are for only gradual improvements through better
flying controls.

Just as for automobiles, aircraft energy intensity also depends on system
performance. Passengers per flight increased all through the 1970s and 1980s,
but recently airlines have found it profitable to insert business class seuts in
place of economy, reducing the total seating/aircrait available. Congestion at
and around airports is another factor alfecting energy intensity. And stage
length also has a fundamental impact on fuel use. Nevertheless, virtually
every new airplane entering the US (and world) flect is more efficient than the
present fleet itsell. This efficiency gain is greater than the potential oflsetting
effects of slight declines in scating capacity or load factor. ‘Thus the principal
uncertainty over future aircrali fuel performance is that of the rate of decline
of fuel intensity.
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Figure 7 Manufacturing energy use by fuel type.
MANUFACTURING SECTOR

The US manufacturing sector, which consists of a range of industry group
involved in the transformation of raw materials and intermediate goods int
finished products, used 14.3 EJ of energy for the provision of heat and powe
in 1985 (Figure 7). While an additional 4.1 EJ of energy products were use:
by the sector as feedstocks in the production of asphalt, organic chemicals
and other goods, these products were excluded from our analysis on th
grounds that they should properly be counted as material rather than energ
inpuis.

We gathered data on the energy use and economic activity of six energy
intensive manufacturing industry groups—paper and pulp (SIC’ 26); in
dustrial chemicals (SIC 28 excluding 283-285); stone, clay, and glass (Skt
32); iron and steel (SICs 331, 332, and 339); nonferrous metals (SIC
333-336); petroleum refining (SIC 291)—and a residual category (“other”
that encompasses the range of non-energy-intensive manufacturing activities

Unfortunately, the available statistics on manufacturing energy use are les

~than adequate in a number of respects. Although the Census Bureau (21, 22

published data on manufacturing energy use for the years 1954, 1958, 1962
1967, 1971, and 1974-1981, this series was discontinued in more recent yeai
as the federal government cut back its efforts to gather and publish energ
data. Moreover, the Census data account only for inputs of purchased fucl

7SIC™ is an acronym for the US Standard Industrial Classification system.
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and clectricity, and exclude self-produced fuels such as the still gas used in
petroleum refining and the wood waste used in the paper and pulp sector that
together account for some 29% of sectoral cnergy use. More recently, the
Energy Information Administration (E1A) carried out a survey on manufactur-
ing energy usc (23) that both provided data for the 1985 calendar year and
measured the use of nonpurchascd fuels. But while EIA plans to repeat this
survey at three-year intcrvals, no comprehensive data on manufacturing
energy use are available past {985.

The manufacturing energy data used in this report were taken from the US
National Encrgy Accounts (NEA) (24), which usc a varicty of government
and nongovernment statistics—including the Census and EIA data—to pro-
vide a consistent series of annual encrgy use data for the years 1958 to 1985.
These data account for the total use of fuels and clectricity for heat and power
and distinguish between oil, natural gas, coal, wood, and clectricity consump-
tion.

The measurement of manufacturing activity involves both conceptual and
practical difficulties. Whilc the real valuc-added statistics published by the
Commerce Department (25) are often used in the analysis of trends in
industrial production, these data arc estimated as the algebraic difference
between dollar values of outputs and intermediate inputs in each year, evalu-
aled at base-year prices. Consequently, trends in Commerce Department real
value-added depend not only on output trends per se but also on changes in the
efficiency with which inputs are used to produce output. Value-added wil
increase, for example, if production remains constant but technological im-
provement leads to reduced input requirements per unit of output.

To circumvent this difficulty, the Industrial Production Indices published
by the Federal Reserve Board (FRB) (26, 27) were used to measure man-
ufacturing activity for the purposes of this study. These statistics measure the
physical production of each product class weighted by its contribution to
sectoral value added in the base year (1977). The result is a scries of real
value-added data that in principle account strictly for changes in physical
production.®

The energy intensity of cach industry group is thus defincd as encrgy use
per unit of FRB industrial production, measured in energy per unit of value-
added. Our analysis investigates the impacts of changes in the level of sectoral
output, changes in the structure or composition of this output between in-

dustry groups, and changes in industry-by-industry energy intensity on the
evolution of manufacturing energy use.

*Unfortunately, physical production is not readily defined in certain industry groups. As a
result, the FRB makes limitcd use of data on inputs—inciuding, in some cases, electricity
consumption—as surrogates for output. While this practice obviously compromises the quality of

the data to some cxient, the agpiication of this technique is limited to 2 small number of indusiry
groups.
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The Structure of the Manufacturing Sector

The manufacturing sector consists of a large number of diverse industry
groups that employ an cven broader range of process technologics to trans-
form raw materials into finished goods and services. This inherent complexity
imposcs certain limitations on encrgy analyses that do not generally hold for
other end-use sectors. In the residential and transport sectors, for example, it
is possible to rclate encrgy use to specific technologies and to measure
efficicncy changes explicitly over time. In the manufacturing sector, on the
other hand, one must cither carry out detailed technological analyses of
particular processes or facilitics or else focus on the analysis of relatively
aggregated data.

The analysis is greatly simplificd, however, by the fact that manufacturing
cnergy usc is flargely dominated by sectors involved in the processing of raw
matcrials. The cnergy-intensive industry groups described above, although
they account for only 18% of manufacturing value-added (Figure 8), are
responsible for 56% of scctoral electricity use and 74% of total energy use
(Figure 9). Accordingly, shifts in the product mix between the various
encrgy-intensive industries or between raw materials and light manufacturing
may have significant impacts on scctoral energy use.

‘To gauge the impacts of structural change on manufacturing energy use we
calculated the evolution in energy use broken down by fuel type that would
have occurred if the total output level and the encrgy intensities of each
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Figure 8 Manufaciuring activity. Value-added by subsector.
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Figure 9 Manufacturing energy use. Shares by industry group.

industry group had remained constant at their 1973 values while the propor-
tion of output produced by each industry foliowed its historical development.
We found that structural change had no significant impacis on energy use
between 1958 and 1973. Between 1973 and 1985, however, structural change
at constant output and energy intensity would have depressed energy use by
18%, or 1.6% per year (Figure 10).

The impacts of structural change were driven largely by a decline in the
proporiion of output produced in coal-intensive industiies—particularly the
iron and steel sector, which alone accounts for one-third of manufacturing
coal consumption. While structural change would have reduced coal use by
33% between 1973 and 1985, the corresponding reductions in oil, gas, and
electricity use were 16%, 16%, and 10% respectively. These results suggest
that rising oil prices were not the most important factor driving structural
change. A number of analysts have suggested that a long-term reduction in
the materiais intensity of the US economy that has significant energy implica-
tions has been under way (28). ladeed, the physical production of certain
raw materials such as steel fell significantly during the 1970s and 1980s, al-
though the production of other commoditics such as plastics increased (29).
But other factors, such as macrocconomic policies that have given rise (o
high interest rates and a strong dollar that have placed the US raw materi-
als sector at a comparative disadvantage, have also been impoptant. Over
the one-year period 1981-1982, for cxample, the output of the iron and
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steel sector fell by 37% during the strong recession. This change alone yielde
an energy use reduction of 1.1 EJ, or 7% of manufacturing energy use.
Structural change had no measurable impacts on energy use between 198
and 1988, either in aggregate terms or on a fuel-by-fuel basis, at the level o
aggregation employed in this analysis. In recent years, raw materials produc
tion, as measured in economic terms, has kept pace with aggregate man
ufacturing activity. These resulis suggest that the expectation that shifts in th
composition of manufacturing value-added away from energy-intensive in
dustries will lead to significant fuiure energy savings may not be fulfilled, o
at least that the anticipated decline may not be smooth and continuous.
The rate at which manufacturing output grows over time is also an impos
tand determinant of sectoral energy use. Real manufacturing value-added gren
at the rapid rate of 5.4% per year between 1958 and 1973 and at the slower bu
still substantial rate of 2.7% per year between 1973 and 1988 (Figure 8). Thu
sectoral growth placed strong upward pressure on energy use throughout th
period of analysis. Changes in the growth rate of manufacturing productio
relative to GNP are a structural effect of particular relevance to manufactur
ing encrgy use. But while some analysts have argued that the economi
importance of manufacturing has declined significantly over time, the dat
point to a different conclusion. The fraction of real US GNP generate
by the manufacturing sector remained more or less constant at 21% in th
1970s and 1980s with only minor changes induced by business cycl
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fluctuations. Manufacturing output, as it is conventionally measured, has
grown with the cconomy for the past two decades, and there is no particular

rcason {o belicve that this relationship will decouple over the short 10 in-
termediate term.

Intensity and Efficiency

Changes in energy intensily, or encrgy per unit of value added in a particular
industry, will reflect changing efficiency perfectly only if there is no change
in the mix of products produced within that industry. Qur preliminary analysis
of the ratio of the physical production of cnergy-intensive raw materials to
real value-added in the industry groups in which those materials are produced
has shown that structural changes may have been important in sectors such as
chemicals, where the production of plastics increased substantially relative to
other commoditics: and in stone, clay, and glass, where the production of
cement feli by 20% relative to value added. But the literature to date has
shown that the most important impacts of structural change may be captured
at a relatively high level of aggregation such as the one used in this analysis
(30, 31). Thus while the figures discussed in this section should be regarded
properly as indicators rather than measures of encrgy efficiency, we believe

that energy-intensity trends as measurcd in this analysis are driven mainly by
efficiency improvements.

To measure the impacts of changing energy intensities on manufacturing
energy usc, we cstimated the cvolution in energy use that would have
occurred between 1958 and 1985 if the output of cach industry group had
remained constant at its 1973 value while its encrgy intensity followed its
historical path. According to this calculation, structure-adjusted manufactur-
ing energy intensity declined by 2.5% per year between 1958 and 1973
{(Figure 11). While this decline was led by a 58% decline in coal intensity, the
intensity of oil, gas, and wood use declined by 23%. 15%, and 17% respec-
tively. Electricity intensity. on the other hand, remained relatively constant
over the period.

The 1973 o 1985 trend in cnerpy intensity is remarkably similar. On
aggregate, structure-adjusted coergy intensity fell by 2.7% per year between
1973 and 1985—only stightly more rapidly than the 1958-1973 trend. On a
fuel-by-fuel basis, the intensity reductions were 44%, 37%, and 15% for oil,
gas, and coal, respectively. Wood intensity increased by 6%, while electricity
intensity dropped by somme 6%.

Together, these statistics point to considerable improvements in man-
ufacturing energy cfficiency over time. But these changes were arguably
driven as much by long-term changes in process technologies as by short-term
responses to changes in the relative price of energy. It is indeed striking and
even counterintuitive that the energy shocks of the 1970s did not induce a
significant increase in the rate with which manufacturing energy intensity
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fell. Should not higher energy prices have pushed producers to develop and
implement energy-saving technologics that were not cost-cffective at the low
energy prices of the 1960s?

The foliowing line of rcasoning may explain this observed disparity be-
tween expectation and realization. Energy accounts for only a small fraction
of total input costs in all but the most encrgy-intensive industries, so research
and development programs generally focus more on capital and labor pro-
ductivity and product quality than on energy saving. But technologies that
produce capital and labor savings generally save encrgy as well, so that the
energy elficiency of new manufacturing technologies improves over time,
even at low energy prices. The energy price increases of the 1970s presum-
ably led producers to invest in focused enerpy-saving technologies. But the
annual rate of manufacturing output growth slowed from 5.4% between 1958
and 1973 to 2.5% between 1973 and 1985. Hence while new technologies
may have been designed with more attention (o encrgy costs, investments in
new technology slowed along with output growth. On balance, then, the rate
of energy-efficiency improvement remained more or less constant.

Manufacturing Energy Intensity, 1985-1987

As noted above, the most recent year for which comprehensive data on
manufacturing energy use are available is 1985. It is therefore not feasible to
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extend the analysis presented in the preceding section (o more recent years.
Data are available, however, on the use of fuel and clectricity for heat and
power in the aggregate industrial sector, which includes manufacturing,
mining, agriculture, and construction. These daia were prepared by subtracs-
ing the use of energy feedstocks from the industrial energy statistics published
by the Energy Information Administration (32). if we assume that the rate of
energy-intensity change was the same in manufacturing and nonmanufactur-
ing industries, and that structural shifts between manulacturing and other
industries were small, then changes in the ratio of industrial energy use to
total industrial production give an approximate measure of recent trends in
manufacturing energy intensity. When this calculation is carried out, we find
that aggregate energy intensity fell by 4.1% beiween 1985 and 1987, fuel
intensity fell by 4.6%; and electricity fell by {.9%. These savings were
focused mainly on the 1985-1986 interval. Little change in energy intensity
occurred between 1986 and 1987, electricity intensity actually increased by
1.2%. (See NOTE ADDED IN PROOF on p. 501.)

While this approach lacks analytical rigor, it is defensible on the basis that
the manufacturing sector accounts for some two-thirds of industrial produc-
tion and four-fifths of industrial energy use. As we noted above, structural
change had no significant impacts on manufacturing energy usc between 1985
and 1987. Moreover, the composition of total industrial production between
the various component sectors did not change substantially over the period. In
any event, such casual analysis will have to suffice in the absence of more
authoritative data.

We note, however, that recent trends in selected industry groups support
the hypothesis that energy intensities are continuing to fall even in the
post-1985 era of low energy prices. Unpublished data from the fron and Steel
Association (E. Young, private communication), {or example, indicate that
the energy intensity of that sector fell by 11.5% between 1985 and 1988, or
4.1% per year. This improvement was spread across the range of technologies
used in the industry. Similarly, statistics from the American Paper Institute (J.
Melz, private communication) indicate that an energy intensity reduction of
2.1% occurred in the paper industry between 1987 and 1988, This number
grows 10 7.5% when adjustments are made (o account for changes in capacity
utilization, the fuel mix, and other “structural” factors. Since the annual
reductions averaged 3.2% between 1972 and 1988—or 3.5% on an adjusted
basis—it is clear that recent improvements are consistent with long-term
trends. Energy intensity also fell in the chemicals sector between 1985 and
1988 according to unpublished data from the Chemicals Manufacturing
Association (T. Parker, private communication). While the use of fucls and
electricity consumed for heat and power increased by 14% over the period,
sectoral output increased by 20%. Thus energy intensity fell by a total of
5.0%, or 1.7% per year.
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F uél Mix

The use of oil and natural gas fell rapidly as the prices of these fuels rose i
the 1970s. 1t is often suggested that one of the factors behind this trend wa
the substitution of solids and electricity for oil and gas. Indeed, the man
ufacturing fuel share of wood rose from 7% to 12% between 1973 and 1985
while the electricity share rose from 12% to 17%. The coal share, in contrasl
remained constant. But the utilization intensities of these fuels did not ris
substantially over the period—indeed, electricity intensity, adjusted 1
account for the impacts of structural change, decreased by 6%. Thus whil
interfuel substitution was undoubtedly important in some applications, on th

whole oil and gas savings were apparently generated more by conservatio:
than by substitution. '

Conclusions: Energy Efficiency in Manufaciuring

We have documented that enhanced energy efficiency has been an importar
factor shaping the development of manufacturing energy use. But just hoy
much energy was saved by the energy intensity reductions that occurre
between 1973 and 19877 The fact that statistics are not available on actu:
manufacturing energy use in 1987 complicates the analysis. But if we assum
in light of the information presented above that aggregate manufacturing fuc
intensity fell by 4.6% between 1985 and 1987 while electricity intensity fe
by 1.9%, and multiply these intensity estimates by actual 1987 manufacturin
activity, we find that the manufacturing sector used approximately 12.1 EJ ¢
fuel and 2.5 EJ of electricity in 1987. If, however, the energy intensities ¢
each indusiry group had remained fixed at their 1973 values, manufacturin
fuel and electricity use would have been 19.0 EJ and 2.8 EJ respectively give
the actual level and structure of output in 1987. Thus energy intensit
reductions between 1973 and 1987 saved about 6.9 EJ of fuel and 0.3 EJ ¢
electricity for an overall improvement of 33%.

Outlook

Future energy use trends in the manufacturing sector, as in the other secto
considered in this analysis, are difficult to divine. In the absence of compe
ling evidence to the contrary, we expect that manulfacturing output wi
continue to grow more or fess with GNP. A number of analysts have sug
gested that the structure of manufacturing production will continue to evolv
away from energy-intensive raw materials industries (28). But the structure ¢
manufacturing has apparently stabilized in recent years, halting the downwai
pressure on encrgy use that persisted throughout the late 1970s and earl
1980s. Future structural trends are therefore highly uncertain and desen
further research.

The future of manulfacturing energy efficiency, on the other hand, is mo
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casily forecast. As we noted above, sectoral encrgy intensity declined at an
average annual rate of 2.6% per year between 1958 and 1985 with no
significant departures from the trend over the entire period. Morcover, a range
of studies have suggested that a continuing improvement of §-2% per year
will be realized under expected cconomic conditions through the turn of the
century (28, 33, 34). )

Of particular interest is a scries of engineering studies of the potential for
efficiency improvements in five industrics—steel, cement, paper and puip,
glass, and textile manufacturing (35-39). The studies indicatc that the
chances are “very good” that the aggregate encrgy use per unit of physical
production of the scctors in question could be reduced by roughly 30% (1.4%
per year) between 1985 and 2010 using current “state of the art” technology.
Reductions of approximately 40% (2.8% per year) are “possible” based on the
use of advanced technology.

The extent to which new encrgy-efficient technologies penetrate the man-
ufacturing sector will be generated in part by the rate of output growth (which
determines investment in new facilitics) as well as by encrgy prices. But we
expect that manufacturing energy intensity will continue to decline at a

healthy rate, although perhaps not as rapidly as in the past, as cost-conscious
managers seek to cut production costs.

RESIDENTIAL SECTOR

Total final US residential energy use remained relatively constant in the 1970s
and 1980s, fluctuating between a high value of 10.9 EJ in 1979 and a low of
10.0 EJ in 1982 (Figure 12), but rising to nearly 11 EJ by 1988. Primary
energy use, however, rose over most of the period with plateaus in the years
following each energy shock (40).°

During this time period, important changes took place in the characteristics
of the sector and the fuel mix. Population, which we take as our measure of
residential activity, and the number of dwellings increased substantially, and
the fuel mix changed as well. We must further disaggregate energy use by fucl
and end use in order to separate the effects of these changes from the impact
of greater efficiency. To do this, we compare energy usc for appliances, hot

®These data are based on the Staie Energy Data System (SEDS) reports, but include wood as
estimated by the Encrgy Information Administration and the use of gas and oil in apariment
buildings, uses of energy omiticd from SEDS. Weather adjusiment is carried out by dividing the
apparent consumption of electricity and fucls for space heating by the ratio of actual to long-term

average degree-days. When individual fucls are compared over time, the degree-day scries
account for the distribution of homes heated by cach fuel.
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water, and cooking (41) with houschold population, and we compare space
heating with the number of homes or, where data are available, ‘with square
melers of heated floor area. These comparisons yicld cnergy intensities that
we usce fo cstimate the impact of improved cnergy cfficiency. We then
reaggregatc the components of cnergy use in a way that allows us to separate
the effects of changes in encrgy intensities from other factors that may have
affected energy use significantly.

Meyers (40) presented a comprchensive swmmary of time series data
showing cnergy use by fuel (including wood); fucl choices for space heating,
water heating, and cooking; housing and houschold characteristics; weather;
and other features of the residential sector. Using these data and our estimates
of how much of each fucl is used for each purpose, we obtain the estimates of
uscful residential energy use per dwelling shown in Figure 13. By our
measurc of useful energy, delivered quantities of oil and gas are counted at
66% cfficiency, solids at 55%, and electricity at 100% to account for differ-
ences in the utilization efficiencies of the various fuels at the point of end use.
We have adjusted yearly data for variations in temperature (41). By 1987,
delivered cncrgy use per dwelling had fallcn by 24% relative to 1973, useful
energy per dwelling had falien 22%, and primary energy use per household or

occupicd dwelling was 14% below its 1973 value. These declines suggest
significant conservation of fuels and clectricity.
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The Structure of the Residential Sector

Between 1973 and 1987, important changes in the characteristics of US
homes occurred. While the penctration of central heating (here defined as the
presence of a furnace or boiler circulating hot air or water through the home, a
central heat pump, clectric furnace, or buili-in baseboard electric heating)
increased slowly over the period to around 80%, the average heated floor area
increased from 130 m? 0 nearly 140 m?, which boosted space heating and
lighting requirements in an approximately proportional fashion. Cooking and
water heating equipment was virually saturated in 1973, The ownership of
major appliances (refrigerators, freezers, washers, dryers, air conditioners,
and dishwashers), in number of units weighted by 1973 unit encrpy utilization
of each unit, increased by 28% over the period.

Other important changes took place in the characteristics of households and
homes. First, houschold size declined from 3.06 persons per household in
1973 10 2.72 in 1987, Schipper et al (42) suggested that energy use per
houschold at a given time varies approximately with the square root of
houschold size. For the parameters presented above, energy use per house-
hold should have declined by about 6%. But the decline in houschold size can
be viewed as an increase in the number of houscholds per capita of §3%. Thus
the decline in houschold size leads 10 an overall increase in cnergy use per
capita of approximatcly 6.5%. Second, the regional distribution of homes
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shifted slightly, such that the average number of heating degree-days declined
by nearly 3% between 1970 and 1980 (40). This decreased space heating
requirements but increased cooling needs. On balance the geographical shif
should have decreased delivered energy use by about 2%, a small effect.
Household activity, as measured by population, increased energy use by
15%. The structural factors outlined above together increased final energy use
by 20%, primary energy by 26%. The total increase in primary energy use
driven by changes in the level and structure of residential activity should have
been 45%, slightly greater than that of the GNP. As it turns out, household

energy use was restrained considerably by improved efficiency, as we show
below.

Fuel Mix

During the 1970s and 19805, major changes occurred in the mix of fuels used
in US homes, as Figure 12 implies. Changes occurred for two reasons. First,
existing homes switched from oil to gas and wood in space heating, from oil
to electricity in water heating, and from gas to electricity for cooking. The
switch in space heating was particularly rapid between 1978 and 1985, when
more than 5 million homes switched away from oil heating (Figure 14) (43).
Second, builders chose a significantly different mix of fuels for new homes
than that of the existing stock. Gas and electricity are used in preference to oil
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Figure 14 Principal houschold heating fuels. Share of homes using the indicated fuel as the
principal space heating fuel. Sources: Meyers. RECS. US Census Bureau



IMPACTS OF IMPROVED BFFICIENCY 483

in new-home space heating, and the share of clectricity {or space and water
heating is much higher in new construction—around 50%—than in existing
homes. By the sccond half of the 1980s, the shares of electricity 'in these
substitutable applications levelled off, with only the higher share in new
construction slowly driving up the total share. n the period 1973-1987, these
two kinds of substitution had had roughly equal impacts on fuel choice.
Indeed, part of the decline in delivered encrgy per houschold occurred
because electricity assumed 2 larger role in substitulable end uses, eliminating
the on-site combustion losses that arise when fossil fucls are employed.
Similarly, some of the increase in primary energy use per household occurred
because more electricity-using devices were employed. Increascs in appliance

ownership increased the share of electricity in delivered energy, accounting

for two-thirds of the increase in electricity use. These changes mean that
aggregate household energy intensity, either on a primary or delivered basis,
has limited utility as an indicator of the impact of improved energy efficiency.
We can estimate the impact of shifts in the fucl mix on residential energy
use by asking how much fuel and electricity would have been consumed if the
share of homes using electricity for space heating, cooking, and heating water
in {987 had been the same as in 1973, but other parameters (the number of
homes and the unit consumption of energy-using equipment) had their 1987
values. Under these circumstances, about 0.3 EJ less site clectricity would
have been consumed, but about 0.97 E§ more fuel. Thus, the increase in
primary energy use from this electricity substitution, about 0.95 EJ, was just
about offset by the reduction in fuel use of 0.97 EJ. Note again that only part
of these shifts occurred through the swilching of fuels in existing homes.

Intensity and Efficiency: The Major End Uses

This section analyzes the end uses shown in Figure 13. Useful energy
intensities for space heating (in k}/degree-day/m?) and major appliances (in
kWh/appliance/yr) in 1987 were significantly lower than they were in 1973.
Energy intensities of fuel-based cooking and water heating fell significantly,
but those for electricity fell less. US homes would have used 39% more fuel
and 15% more electricity in 1987 for all purposes than they actually did if
these reductions had not taken place. This section reviews these changes.

SPACE HEATING Changes in space heating energy intensitly have been
dramatic. Weather-adjusted space heating fuel use in 1973 was approximately
7.1 EJ, electricity use 0.2 EJ. By 1987 fuel usc feil to slightly under 6 EJ,
while electricity use rose to 0.36 EJ. At the same time, the amount of heated
floor area increased by nearly 40%. When consumption of principal fuels, as
well as LPG and other solids is aggregated, useful cnergy per dwelling for
space heating fell 34%, and 38% per unit of dwelling areca. While some of the
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decline in space heating fucl use was caused by lower home utilization or
increased contributions to heating nceds by waste heat from other end uses,
the changes indicate significant conscrvation of cnergy.

Detailed examination of individual heating fucls supports this finding.
According to our own tabulations, average consumption of gas in a home
using gas for space heating fcll by 35% between 1973 and 1987 vs 40% for oil
and 26% for electricity. Data from the oil and gas industries (44, 45) show
similar declines in sales of fuels for heating, as Figure 15 shows.

There are many causces for these reductions. The thermal characteristics of
the cxternal sheiis of existing homes were upgraded. The number of house-
holds adding insulation or other conservation features in 1987 kept pace with
or increased slightly relative to carlier years (40, 43). New heating equipment
was morc efficient than older, too. According to data compiled by the Gas
Appliance Manufacturer's Association, the efficiency of new gas furnaces
increased from 63.2% in 1972 to 74.7% in 1988. The seasonal coefficient of
performance of new heat pumps increased from 2.1 to 2.9 between 1978 and
1988. The gradual replacement of heating equipment in existing homes and
instailation in new homes has thus contributed to reducing energy use for
heating. The share of heat pumps has reached 25% of new homes heated with
electricity. Note, too, that part of the reduction in the use of the main space

heating fucls, particularly oil, was permitted by a dramatic increase in the usc
of wood as a secondary fuel.
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Figure 15 ﬁcsidcnlial sector. Indices of space heating fucl per dwelling. Sources: oil—Heating
Oil Magazine yearly survey; gas—surveys from US Gas Association



IMPACTS OF IMPROVED EFFICIENCY 485

Efficiency improvements of the building shell in new construction are
equally impressive. Meyers (40) compared nsulation levels in homes buili in
1986 with those budt in 1973, The improvement in the nominal thermal
resistance of attic insuluwtion was nearly twolold, from Ri4.4 {or k = 0.39
Wideg-Chm? in terms of thermal transmissivity) in 1973 10 R26.8 (k = 0.21)
in 1986, and that for wall insulation was less, from R10.0(k = 0.56)to R12.S
tk = 0.45). The share of new homes with double- or triple-glazed windows
increased from 40% 0 79%. in a 1987 snapshot, the fraction of homes with
storm windows, wall insulation, and insulated floors over a basement or crawl
space is significantly higher in homes built after 1974 than that in homes built
before 1974, confirming the new-construction insulation statistics. Similarly,
heating equipment efficiency has also improved, as noted above. So energy
use for heating in new homes should be significantly lower than that in
existing homes.

Dita on energy use bear out these improvements in equipment and building
shells. Viewed in 1987, gas-heated homes built after 1974 used 20% less gas,
as measured in M/degree-day/m?® than those built between 1960 and 1974
(43). Evidently, even though gas heating intensity in these pre-1974 homes
has fallen over time, this improvement has not closed the gap in intensity
between new homes and the typical home built before 1973, Similar im-
provements apply to homes heated with electricity and fuel oil. Clearly new
homes use less energy for space heating than older ones. Since 24% of the
homes in 1987 were built in 1975 or later, this means that improvements in
building practices have had an important impact on average heating intensity.

Not all of the reduction in space heating intensity was caused by improved
technology, however. Thermostat settings in the early 1980s were several
degrees lower than in 1973 (40). By 1987, settings were up slightly over 1984
(43). PNL. (2) estimated that the contributions to the reduction in space
heating energy intensity between 1973 and 1986 from betier equipment and
from better building shells in both existing and new homes were about one
third larger than the “behavioral” component. Nevertheless, most of the
reduction since 1973 is penmanent. Only a very concerted effort to induce the
raising of thermostat settings well above their 1973 levels would bring heating
intensity close to its 1973 value.

WATER HEATING AND COOKING  The principal fuels for water heating and
cooking are electricity and natural gas, although oil is in some cases still used
for water heating, and LPG is used for cooking and water heating in 10-15%
of all homes. From 1973 10 1985, the elficicncy of new gas water heaters
increased only slightly from 47% 10 51%, while new clectric water heaters
improved by a similar lraction. Auwtomatic ignition (i.c. removal of pilot
lights) on new gas stoves and clothes dryers has reduced standby losses.
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Water use in washing appliances declined significantly, according to figures
for dish- and clothes-washers that heat their own water.

It is difficult, however, 10 determine the changes in actual water heating
and cooking energy use caused by improved efficiency. This is because
behavior and utilization patterns cause significant changes in estimated o
metered end use. Reduced household size, for example, has led to significant
declines in hot water use per household; changes in eating patierns as well as

additional use of microwave ovens led to lower unit consumption of gas of
electricity, for cooking.

ELECTRIC APPLIANCES AND LIGHTING  Although electricity use for light-
ing and electric appliances is not well documented (46, 47), estimates of
aggregate electricity use per household for the six most important appliances
(refrigerators, freezers, washers and dryers, dishwashers, and air condition-
ers) give some perspective on the changes that have occurred. Increased
ownership of these appliances, had there been no change in unit consumption,
would have boosted energy use lor these six applications from about 3520
kWh per household in 1973 1o about 4250 kWh per household in 1987.
Instead, actual use was approximately 3750 kWh per household, representing
a savings of approximately 12%, or 0.16 EJ.' If this savings rate were
applied to all appliances (i.c. all electricity use excluding that for space and
water heating and cooking), savings would be about 0.25 EJ.

A variety of studies document the improvemeats in the efficiency of new
appliances sold since 1972 by weighting sales of each product by an indicatos
of efficiency.'' Some of these improvements are shown in Figure 16. The
improvements are greatest for refrigerators and freezers, smallest for electric
waler heaters. In general, the improvements are impressive, although fucther
improvements are practical and economic (48).

The reductions in the average electricity consumption of the appliance
stock between 1973 and 1986 are less than the improvements in new models,
of course, because the turnover in the appliance stock is slow. Moreover, new
appliances tend to have more energy-intensive features than appliances being
retired (e.g. automatic icemakers in relrigerators). On the other hand, top-of-
the-fine models often have more energy saving features than simpler models.
And average new freezer size declined between 1972 and 1988, while new
refrigerator size remained constant after 1978. Finally, there are uncertainties
in the estimates of in-home consumption vs laboratory consumption tests of

*fhie unit consumption figures were taken from the Lawrence Berkeley Laboratory Residen
tial Model (J. MacMahon. private communication). The estimated clectricity consumption pei
houschold for bighting shows a shight decline thit can be explained by lower house occupancy
(r.e. fewer hours spent at home) and smaller houschold size.

i the case of refrigerators, fos cxample, this indicator is given by volume per unit of yearl
clectricity consumption.
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Figure 16 Appliance efficicncy trends. Changes in efficiency ratios. These are the shipment-
weighted efficiency factors for new cleciric appliances sold in the United States between 1972
and 1987. For each appliance shown, we display the seasonal energy efficiency ratio (SEER,
cooling or heating per unit of electricity consumed) or efficiency (volume cooled per unit of

eleciricity consumption) of ali models shipped in the United States in a given year. Source:
derived from ACEEE

new models. Thus the 12% reduction in stock-wide unit consumption that we
cite represents the combined impact of efficiency improvements and all other
factors.

What were the efficiency improvements? Refrigerator insulation, seals,
motors, and compressors were improved. Air conditioner motors, com-
pressors, and controis were upgraded. Water requirements for dish- and
clothes-washers were reduced. Sensors were added to dryers to shut off heat
and power when the moisture in the clothes was low enough. The savings
‘were all achicved using low-cost technology (48).

There is still considerable room for reductions in appliance energy intensi-
ty. The average unit consumption of new appliances sold is well above the
levels achicved by the most efficient models, and advanced prototypes are
even more efficient. It is therefore clear that the present average new intensi-
ties do not represent the technically feasible limits of efficiency. And as many
argue, these models are also far from limits of economic feasibility (47).

Conclusions: Energy Efficiency in the Residential Sector

The development of energy use in the residential sector is shown in Figure 17.
Improved cnergy efficiency had a clear impact on the residential sector
‘between 1973 and 1987. if only the intensity of fuel and electricity use had
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changed while fuel shares, activity, and structural paramcters had remained
constant at their 1973 values, US homes would have used 6.7 EJ of fuel and
1.8 EJ of clectricity in 1987, declines of 27% and 12% respectively from 1973
valués. Put another way, reduced intensitics alone cut total primary energy
use by 21%. Alternatively, had the intensities of cach end-use been frozen at
their 1973 values, then fuel use in 1987 would have been 10.9 EJ and

clectricity usc 3.6 EJ, yiclding total primary encrgy use of 22.0 EJ, more than
5.7 EJ higher than actual.

Outlook

The cnergy intensity of a typical new house, heating system, or appliance is
by no measure ncar its theoretical or even economic minimum. Indeed,
comparison of average new clectric appliance encrpy intensity with the lowest
on the market shows a wide gap. But in some cascs the rate of decline in
intensity of most new systems has slowed or stopped. It appears that insula-
tion fevels in new homes built in 1986 and 1987 were no better than those
installed in 1985. The slowdown in efficiency improvements represents a
market slowdown, not a bottoming out of technology that is economically
attractive (49). The outlook for further decline is therefore dependent on
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Figure 17 - Residential primary encrgy use. Intensily. activity. structure effects. Evolution of
actual and hypothetical primary energy usc in the residential sector. Each “effect” is computed by

having only intensity. activity, or structure (as defined in the text) follow its actual path while
holding the other two components at 1973 levels.
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future forces that affect the marketplace—residential cacrgy prices, the per-
ceived or real incremental benefit of gicater cificiency, and public policy.

One important policy thiat will raise efficiencies is the National Appliance
Efficiency Standards, which take effect nitially for refrigeraiors, freezers,
water heaters, and room air conditioners in 1990, More stringent efficiency
requirements for refrigerators and freezers will take effect i 1993, and
requirements for other products are likely to be upgraded in the tuture as well.
Calitornia, one of the largest cconomies in the world, has upgraded its own
requirements on the efficiency of houschold appliances sold in the Stase, to0.
This type of policy circimmvents conswmers’, manufucturers’, and builders’
high implicit discount rates, as well as a varicty of other market and nonmar-
ket barriers 1o more clficient energy use.

Moreover, there are a number of important energy-saving technologies that
are stariing o pencirate the market to a significant degree (18, 49). These
include low-cmissivity glass for windows, vastly improved gas furnaces and
gas heat pumps, and electric heat-pump water heaters. As for the future of
very efficient relvigerators, freczess, and air conditioners, progress hese is
clouded by uncertainties over future refrigerants (50). Finally, novel wall
constructions and building technigues, as praciiced almost universally in
Sweden (51). promise o reduce heating losses in new detached housing
markedly. A further decline in cnergy intensity should occur as these new
technologies are more widely disseminaied, as ongoing R&D feads o ever
beiter technologies (such as gas-fired heat pumps), and as appliance and
building standards take effect and are improved.

SERVICE SECTOR

The energy use of the service sector is dominated by building-related activi-
ties (52). Survey data on cnergy use, floor arca, and other characteristics of
the US service sector are available only for 1979, 1983, and 1986 {53). From
other data (SEDS) (54), which include energy use for activities not associated
with building caergy use, Schipper et al (52) assembled a time series of
energy use data that can be adjusted o match the 1979 and 1983 surveys. The
results for key years are shown in Figure 18, Delivered cnergy use rose from
5.3 EFin 197310 5.9 Ef in 1979—a very cold year, then fell 1o a plateau of
5.3 EJ in 1986. Primary caergy use, on the other hand, rose from 8.8 B in
1973 10 1.1 B3 in 186, as a result of the substitution of electricity for fuels
and further penctration of clectricity-driven services like compuiers and light-
ng.

The Structure of the Service Sector

Service sector GNP, excluding wiilities, grew acarly 50%, tfrom 1.67 wrillion
dobars in 1973 10 2.51 willion in 1987 as cvaluated at 1982 prices. We take
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Figure 18 Energy use in service sector buildings by fuel type. Sources: SEDS, NBECS.

these figures as the indicators of the change in sectoral activity over the period
of the analysis. The structure of the service sector can be measured by several
quantities. The most important is floor area, which grew from an estimated
3.5 billion square meters in 1973 (52) 1o more than 5.4 billion square meters
in 1987 (53). This growth was only slightly faster than the growth in service
sector GNP. However, the ratio of sectoral floor area 10 total GNP increased
because the share of service sector GNP in overall GNP increased from 61%
10 65%.

Additionally, the mix of buildings chan
the share of office building floor
19.8% in 1986, and shares of wa
Shares of retail,

ged slightly. According to PNL (2),
space increased from 16.6% in 1972 (o
rehouses and lodging increased slightly.
food sales, and educational floor space fell, the latier
significantly, from 16.1% 10 13.9%. And the geographical distribution of
buildings shifted slightly towards the South and West. According to PNL, the
mix effect increased fuel and electricity use by about 0.08 and 0.06 El,
respectively, while the geographical shift reduced fuel needs by 0.04 EJ but
increased clectricity use by 0.02 EJ. Thus the impact of structural change, as
measured by the slight increase in the floor area per unit of service sector
GNP, changes in the mix of buildings, and geographical shifts, is very small
compared 1o total fuel wiilization of 2.5 EJ and electricity use of 2.5 EJ in
1986. By contrast, the activity effect was significant because the service
scctor GNP grew 7% more than total GNP. Yet between 1973 and 1987,
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service seclor encrgy use increased by only 5%, while primary energy use
grew by 27%.

The structural change reported here does not include shifts in the kinds of
energy services provided in buildings, particularly those rclying on clectric-
ity. The share of floor space provided with cooling, and the level of use of
computers and other communications equipment has increased markedly.
These shifts increased eleciricity use. Some of the wasic heat from this
electricity use reduced space heating nceds in winier months but increased
cooling needs during the rest of the yeur. Hlence a broader view sugpesis that
the overall impact of structural change on encrpy use in the service sector has

reduced fucl use slightly for heating but increased electricity use significantly
for a variety of purposes.

Fuel Mix

The mix of fuels in the service sector has evoived in a manner similar to that
of the residential sector, away from oil and towards electricity. Driving the
increased share of electricity was both further electrification (i.e. more uses of
electricity}, as well as greater penetration of electric heating. Mcasured by the
area of buildings they heated, heating fucls chosen were predominantly oil
{22%) or gas (50%) in 1979.' From NBECS data on heating fuels in
buildings built before 1973 we infer that the share of area heated by electricity
grew steadily, from, approximately 7% of the entire stock in 1973 to §5% in
1979 and 21.5% in 1986, while thosc of gas or oil (and LPG) have decreased
from an estimated 87% in 1973 to 67% in 1986. Part of this shift towards
efectricity as the principai heating fuel is explained by the shift of service
sector activity towards warmer climates, where lower heating loads permit
electric heating to compete betier apainst gas or oil.

Intensity and Efficiency

Measuring changes in energy efficiency requires the disaggregation of cnergy
use into end-uses, such as space heating or cooling. But the services provided
by energy in the service sector are diverse and changing. With current data
gathering efforts, it is very difficult to break encrgy use by fuel into end uses,
and it is therefore very difficult to derive energy intensities for cach purpose in
order to gauge the impaci of improved cfficiency.

It is possible, however, to estimaic how encrgy use per unit of floor area
has changed. Since surveys have measured energy usc and intensity only
since 1979, comparing present-day intensitics with those from 1973 is prob-
lematic. The imprecision of the SEDS (54) data compound this problem.

NBECS (533 did not distinguish between prinmry'und sccondary heating fuels. We took the
share of buildings using cach fuel over the sum of the shares. which was 114%.
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Nevertheless, Schipper ct al (52) found a 16% decline in delivered energy use
per unit of loor arca between 1973 and 1983 extending the data from that
report to 1986 (to compare with NBECS) and extrapolating to 1987 yields an
overall reduction of 33%. The intensity of fucl use, including district heat, feli
49%. About half of this decline was likely caused by reductions in the

proportion of floor arca heated by fossil fucls and by the very mild winter of

1987. We can compare cncergy intensity in 1979 and 1986 by building type.
Figure 19 shows that delivered energy per unit floor arca declined for most
building types. The same is true for fuel intensity, electric intensity, and
prinuiry eacrgy infensity.

Most fucl is used for space heating, with a small amount of fuel used for
water heating and cooking (55). Most observers allocate as much as 80% of
fuel usc to space heating. We believe, therefore, that comparing fuel (and
district heating) use to the estimated area heated by fucl provides one
meaningful measure of encrgy intensity. By our estimate, heating intensity
lay at 940 MJ/m? in 1973, falling to 790 MJ/m? in 1979 and further to 560
MJ/m? in 1986. Even allowing for uncertaintics in weather correction, the
share of fuel used for heating, and the share of buildings with fuel heat in
1973, the magnitude of this change is a clear indication of significant savings
of spuace heating fuel.

Some more precise mcasures of intensity changes are available from
NBECS. Gas usc per unit wrea in buildings heated with gas, for example, was
981 MJ/m? in 1979 as compared with 555 MJ/m? in 1986. Although use of
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Figme 19 Scrvice sector. Changes in cnergy intensity by subscector. Source: Ref. 53
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secondary fuels may account for part of this drop, increased efficiency is
evident. Figures for oil heat show a similar decline. The fuel intensity of most
building types also feil between 1979 and 1986. Since most fuel was used for
space heat, this evidence points towards a significant savings of space heat-
ing.

Electricity is more problematic, because the only use found in every
building is that for lighting. Available data do not permit a comparison of
electricity use by end-use over time. Electricity intensity in buildings that heat
with electricity felf from 650 M3/m? in 1979 10 579 MJ/m? in 1986, about the
same percentage reduction as the change in the number of heating degree-
days. Thus it is difficult to draw conclusions about the intensity of eleciric
heating. The same applies to cooling. On the other hand, total electricity
intensity, aggregated over all buildings, remained constant between 1979 and
1986. Since the penctration of electric heating, cooling, and other equipment
(e.g. compuiers) increased, this implies that some improvements in the
efficiency of electricity utilization must have occurred.

Combining the limited knowledge we have concerning the use of individual
fuels suggests that the reduction in fuel intensity between 1979 and 1986—
almost 37%—was caused principally by efficiency improvements, but in-
creased penetration of electric heating captured about 5% of the heated floor
area between 1979 and 1986, and the milder climate in 1986 alone allowed a
reduction in heating needs of about {0%. The remaining decline, approx-
imately 25%, can be ascribed to saved fuel for space and water heating.

The PNL analysis (2) attempted to quantify the factors that caused intensity
to fall. Although it found more than 80% of its “conservation” effect un-
explained, it judged that factors other than improvements in building shells
accounted for much of the savings. Building shell retrofits accounted for 7%
of the savings, and the high efficiency of new buildings relative to the existing
building stock for an additional 8.5%. The location of more buildings in
warmer climates had a minor effect. A shift in building type also contributed
to the decline in fuel use. PNL, on the other hand, omitted explicit reference
to the shift towards electricity as a primary and secondary heating source. Our
estimate of the share of electric heating in 1973, 7%, implies a loss of more
than 14 points in the share of fossil-fuel heating, which by 1986 should have
reduced fossil fucl intensity over all buildings by nearly 10%, accounting for
part of PNL’s unexplained residual. We estimate that whereas only 0.1 EJ of
electricity was used for heating in 1973, the figure increased to 0.32 Ef in
1986; cooling electricity use increased from 0.27 EF in 1973 0 0.42 B in
1986.

Conclusion: Energy Efficiency in the Service Sector

How much cnergy was saved in the service sector between 1973 and 19877
We showed that relative to overall GNP, service sector GNP and total
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building area increased slightly, increasing sectoral energy use. Fuel shift:
reduced fucl needs but increased needs for electricity. Although our figure:
are rough, we believe that a 40% decline in fuel heating intensity and an 18%
decline in electric heating intensity took place. These improvements yielde
savings of approximately 1.5 EJ of fuel and 0.07 EJ of electricity, a
compared with actual utilization of 2.16 EJ and 0.33 EJ, respectively. Final
ly, the increased share of electric heating raised electricity use by approx
imately 0.15 EJ but reduced fossil fuel use by roughly 0.6 EJ.

Outlook

A number of studies (18, 49, 55, 56) suggest that the intensity of virtually an:
new system or energy service can vary considerably. New lighting systems
supported by specular reflectors, electronic ballasts, and judicious use o
daylighting, have reduced electricity intensity for lighting by 50-75% in som:
commercial buildings (55). Low-emissivity glass can reduce heat losses o
gains significantly, yet allow for maximum use of daylight to reduce artificia
lighting loads as well. Variable speed/volume space-conditioning system
offer reductions in power for motors and compressors without reducin
comfort; air-to-air heat-exchangers allow for higher indoor air quality wit
substantial heat-loss reductions. Interestingly enough, the trend towards des
ignated smoking areas could also lead to a reduction in ventilation needs, a
smoke-free areas require far fewer air exchanges than areas where smokin
takes place.

National surveys as well as information from equipment- manufacturer
indicate that various energy-saving technologies are starting to be adopted o
a large scale. For example, the national survey of commercial building
conducted by the US Department of Energy showed that high-efficienc
ballasts had been implemented in 42% of new commercial floor space
delamping programs had been implemented in 21% of commercial floc
space, and energy management and control systems had been implemented i
19% of commercial floor space as of 1986 (53). These and other technologic:
improvements contributed to the decline in energy use per unit of floor are
during 1973-1986.

Continuing technological improvements in lighting, space conditioning
and other end-uses will limit future growth in energy use in the service secto
These improvements are being stimulated by market forces as well as goven
ment and utility programs. For example, the federal government adopte
minimum efficiency standards for new fluorescent lighting ballasts. The:
standards, which took eftect January 1, 1990, are expected by the year 20(
1o reduce electricity utilization in commercial buildings by around 0.1 EJ/:
(equivalent (o 4% of electricity use in commercial buildings in 1988 (57
Minimum efficiency standards for fluorescent and incandescent lamps a
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being adopted in Massachusciis (58), and famp efficicncy standards arc under
consideration in other staies as well as at the federal level,

in 1989, the US Department of Encrgy issued minimum cfficiency stan-
dards for new commercial buildings (59). These standards arc mandatory for
federally owned buildings but voluntary for the private sector. States that
follow these guidelines by revising their building codes could significantly
reduce energy use in the scrvices sector over the long run. For example,
models suggest that new office buildings mecting these standards would use
15-30% less primary energy than buildings complying with standards widely
adopted in the early 1980s (55).

Concerning utility programs, many utilities provide financial incentives
such as rebates to stimulate the adoption of energy-efficicnt technologies in
the service sector. A few utilities even install encrgy-efficiency measures at
their own expense on the premises of their customers. The most cifective
utility programs are reaching 70% or more of cligible customers and are
reducing electricity use by 10-30%, although most utility programs are not
nearly this successful (60). The overall impact of utility encrgy-efficiency
programs is expected to grow as more utilitics implement {full-scale programs,
programs are improved, and the goal of “lcast-cost encrgy services” spreads
throughout the utility industry. .

One technological trend—the proliferation of electronic office equip-
ment—could significantly increase future energy use in the services sector.
Saturation of personal computers, prinicrs, copiers, fax machines, etc is
expected to continue growing during the 1990s. One study estimates that
without efficiency improvements, total clectricity use by office electronic
equipment could climb by 160-360% between 1988 and 1995 (61). Ilowever,
full use of today's most efficient hardware could potentially eliminate ali of
this efectricity demand growth. Thus, with uncertainty regarding both the rate
of growth and the efficiency of new electronic equipment, it is difficult to
predict future energy use in the services sector.

CONCLUSIONS AND DISCUSSION
The Impacts of Improved Efficiency

Figure 20 shows the evolution of primary energy use from 1973 to 1987 (sec
also Table 1). We give actual primary energy use measured for the sectors we
have considered,' and the three hypothetical levels of primary energy use

3We omit considcration of the residual betwecn total primary energy use as reporied by DOE
{5) and the primary energy used in the scctors considered in this analysis. It is unlikely that the
evolution of the residual between our figures and those given by DOE—from §2.6 £J in 1973 to
approximately 11.6 EJ in 1987—has an important impact on ovur results.
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that would obtain il only encrgy intensitics, only sectoral activity levels, or
only intrasectoral structure had changed over time while the ailicr two faclf)rs
were held constant at their basc-year (1973) values. The impact of changing
cnerpy intensity is almost cqual and opposite to that of activity, while
structural change led to modest increases in energy usc. Thus reduced encrgy
intensitics had a major impact on US primary cncrgy usc.

Figure 21 summarizes the impacts of structural changes on US.encrgy use
by scctor between 1973 and 1987. All figures arc indexed relauye to their
1973 valucs. It can be scen that only in the service and manufacturing sectors
did sectoral activity grow more rapidly than GNP. Intrascctoral structural
change, on the other hand, placed substantial upward pressure on residential
energy use; had relatively small effects in the service, freight, and passenger
transport scctors; and yiclded significant energy savings in manufacturing.
Taken together, the impacts of changes in both activity and slruclu'rc cx.encd a
small upward influence on energy use relative to GNP in the residential and
service sectors and a small downward influence in the freight, passenger
transportation, and manufacturing sectors. In the agpregate, increased activity
fevels and structural change would have increased delivered and primary
encrgy use by 35%. Actual energy usc, on the other hand, decreased by 2% in
terms of delivered energy. and increased by only 6% in terms of primary

EJ/Yr
{100 - - 90
80|
-180
gof . — Actual, this study
-G- Varying intensity
70‘ Varying Volume
— -
60} Varying Structure
50
40— T T T v 1 50

1873 1975 1977 1979 1981 1983 1985 1987

Figure 20 Primary ‘cnergy usc. Evolution of actual and hypothetical energy usc in the five-
sector appregate. Each “effect” is computed by having only intensities. activity levels, or
structure (as defined in the specific sectors) foliow its actual path while holding the other two
components constant at 1973 fevels. Definitions of these components are given in the rcspcc.ﬁ.vc
chapters. Fuel and clectricity figures from cach activity scctor are summed counting clcflncﬂy
being at 11,500 Diw or §2616 k¥ per kWh to account for conveision losses. Sources: DOE. LBL
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Figure 21 Changes in delivered enerpy use since 1973, Activity and struciure effects. Hypothe-
ticul 1973-1987 changes in eaergy use if only sectoral activity level per unit of GNP (activity
effect) or the composition of activities as delined in the fespective sectors (structure effect) had
followed their actual paths while all other factors had remained constang at 1973 levels. The net
clfect captuses the combined impact of changes in the mix and level of
reliive 1o GNP

activities i cach sector
energy. In cither case, the divergence between the iwo seis of figures is an
indication of the substantial impacts of improved clliciency on US energy
use.

Which sectors showed the greatest reductions in energy intensity? Figure
22 shows how structure-adjusted energy inlensity, in terms of both delivered
and primary cnergy. cvolved over time in cach end-use sector. The declines
varied from 3% in manufacturing (0 20% in passenger transportation (0 4.5%
for freight. (In primary terms, the percentage declines were less except for
transport, where they were the same.) These declines together point to a
reduction in aggregate energy intensity between 1973 and 1987 of the sectors
considered in this report of 24% in terms ol delivered energy or 21% in terms
of primary encrgy. These improvements correspond 1o net savings of 16.5 1]
of delivered energy and 19.7 4 of primary encrgy at 1987 activity levels.
That delivered encrpy intensity fell more than primary seflects the face thai
fucl intensity fell by 26% while electricity intensity fell by only 8%.

_ We can also highlight the activities where the most unambiguous efficiency
improvements occurred: passenger air travel energy intensity declined by
nearly 50%, residential and services space heating intensity by about 35%,
and manufacturing fucl intensity by about 34%. Automobile and hight truck
vehicle fuel intensity fell by 28%, but talling load factors offset this unprove-
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Figure 22 Chungcs in defivered energy use since 1973, Encrgy intensity effect. Hypothetic
1973-1987 changes in primary and delivered encrpy use if only energy intensities had follow:
their actual paths while sectoral activity levels and structure had remained at 1973 levels.

ment in travel efficiency. The intensity of electric appliances declined |
some §2%.

Several factors served to increase energy demand, thereby offsetting in pz
the impact of these improvements. Truck freight intensity increased, in p:
because of the rise in short-haul light trucking. Changes in the modal mix
passenger transportation raised encrgy use slightly. leated residential flo
area, and the number of appliances per houschold, increased. Changes in
kinds of services offered in commercial buildings, particularly those usii
electricity, raised energy use. Structural change in the manufacturing sectc
on the other hand, led to reductions in the production of energy-intensive bt
materials relative to other products.

Since the enerpy/GNP ratio is seasitive to all factors affecting energy u:
not just those that are conceptually related to energy efficiency, it is
misleading efficiency indicator to the extent that structure and activity ha
important effects. On balance, structural change and growth in secto
activity fevels served to raise the level of energy use. But the growth in ener
use induced by these factors was smaller than the increase in GNP, so (
changes in the level and structure of sectoral activities led 1o net reductions
the energy/GNP ratio over the period of analysis. The reduction in the prim
energy/GNP ratio between 1973 and 1987 therefore overstates the efficier
improvement that occurred over the period, perhaps by as much as one-fou
of the total reduction in the ratio.
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The Efficiency Slowdown

Figures 20 and 22 show that improved energy cfficiency had a considerabie
impact on total US primary energy use. Data from the last several ycars,
however, suggest that the rate of efficicncy improvement implicd by our
sectoral analyses may be siowing down or even coming to a halt. The drop in
world oil prices in 1986 has begun to have an impact on energy intensities.
The energy intensities of some classes of energy-using equipment, such as
new automobiles, are no longer decreasing over time. In some applications,
energy intensity is even increasing.

in the residential sector, primary and useful energy use per household
declined through 1983 but have increascd in more recent years. IHeating
intensity, which had fallen by 4.5% per year through 1983, fell by less than
1% per year between 1983 and 1987. Adjusted for structural change, primary
energy iniensity also fell more rapidly before 1983 than thereafter. By con-
trast, the rate of decline in appliance energy intensity increased after 1982,
and should continue to fall because new appliances are more efficient than
older ones.

In the service sector, the decline in fuel heating follows the same pattern as
space heating in homes, while the increase in nonheating efectricity intensity
before 1983 turned fo a decline after that time. Structure-adjusted primary
energy intensity in services thus falls more rapidly after 1983 than before,
although the decline appears to bottom-out after §985. These observations
suggest that efficiency increases in buildings have slowed, although the
impact of more efficient electricity use is delayed as the impact of new
equipment is still being felt in the stock.

The transportation sector shows an intensity plateau, too. The specific fuel
utilization of personal vehicles fell more rapidly before 1983 than in more
recent years. This is due to the rapid growth in light trucks during the late
1970s and early 1980s as well as the relaxation of federal fuel-economy
standards in recent years. The combined fuel intensity of new cars and light
trucks fell by 6.2% per year before 1983 but by only 1.3% per year thereafter.
Passenger energy intensities as measured in MJ/passenger-km fell less rapidly
because of the decline in load factors. Air passenger intensity fell more
rapidly before 1983 than from 1983 to {985, but the decline accelerated again
after 1985. Significantly, the improvement in air and automobile passenger
fuel intensities was most rapid during the period of rapid activity growth. This
makes sense: growth in activity implies invesiment in newer, more efficient
vehicles and higher load factors on planes. Together, these effects lower the
average passenger intensity of the transportation sector. For freight, all
indicators point to more rapid progress before 1983 than thereafter; the ORNL

data, for example, show that no zubstantial improvements in truck fucl
economy have been achieved since §982.
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In the manufacturing sector, on the other hand, there is lese evidence of
a slowdown in efficicncy improvements. As in pa:: nsportation,
manufacturing energy intensity is strongly dependent on changes in sec-
toral activity. Encrgy intensily, adjusted for structural change, increased at
annual rates of 0.3% and 2.2% during the recession years 1980 and 1982.
But in years with strong sectoral growth, energy intensity has fallen very
rapidly. Between 1983 and 1985, for example, energy intensity fell at an
average rate of 6.2% per year—more than twice the long-term average an-
nual rate of 2.7%. These fluctuations are presumably caused by two factors.
First, decreased capacity utilization during recessions leads to the ineffi-
cient use of energy inputs. Second, sectoral growth permits investment
in new, relatively efficient technology. The response of manufacturing ener-
gy intensity to the drop in energy prices in 1986 is difficult to gauge in
the absence of manufacturing energy use data past 1985. As we noted
above, the aggregate energy intensity of the industrial sector, which is
dominated largely by manufacturing, decreased by 2.9% between 1985 and
1986 but remained almost constant between 1986 and 1987. But energy-
intensity statistics from the iron and steel, paper and pulp, and chemicals
sectors indicale continuing reductions in energy intensity of 1.7 to 4.1%
per year.

When we assemble a picture from each sector, the results are rather
surprising. Structure-adjusted energy intensity fell by 2.35% per year after
1983, but only 1.8% before. For primary energy intensity, the figures are
2.0% and 1.5%. Significantly, however, intensity fell by only 1.7 and 1.5%
between 1985 and 1987. Thus the overall impact of energy-efficiency im-
provements was most rapid between 1983 and 1985, a period of economic
recovery and flat or declining real energy prices.

We have not discussed energy prices in detail in this review. It is worth
noting that between 1973 and 1983, real prices for natural gas grew at average
rales of 7.4% and 13.1% per year in the residential and industrial sectors,
respectively, electricity prices grew by 2.3% per year in (he residential sector
and 5.7% per year in the industrial sector (5); and regular gasoline prices rose
at an average rate of 8.6% per year. Between 1983 and 1987, however, all of
these prices declined in real terms. Residential heating oil prices behaved
similarly. That real prices were declining when intensity was falling the most
rapidly seems counterintuitive. Yet we have suggested that time lags in the
system, as well as the poor state of the economy in the early 1980s, retarded
the replacement of inefficient equipment, and likely slowed investment to
improve existing equipment as well. The effect of this improvement was
swamped, however, by the dramatic crash in prices after 1986, although it is
too early to judge the more long-term effects.
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Implications for Future Energy Use

Are the energy savings that have been achieved over the past 1S years
permanent? The rapid savings in space heating through 1983 may have been
bolstered by short-term sacrifices that could wear off with lower prices. But
the savings that accumulaied after 1983 were likely achieved through tech-
nical improvements that are unlikely to be reversed in the near-term future.
Savings in electricity use in the service sector also appear to be tech-
nologically based, and therefore not casily reversible. Savings in personal
vehicles were almost totally due to technology, not reduced driving distances.
Even if new-car fuel economy remains stable at its present value (27 to 28
mpg nominal, 22 to 23 mpg actual), it still lies 20% above the on-road fleet
average. The savings in manufacturing may represent only the extension of a
long-term trend, and therefore might be considered permanent.

At the same time, we must not overlook the implications of the slowdown
in energy-efficiency improvements, which has appeared primarily in those
sectors dominated by consumers: driving and houschold energy use, and
services. Similarly, the rapid growih in the activity levels of the service and
passenger transport sectors must be borme in mind. As Schipper et al (42)
suggest, increases in free time could drive up energy uses for thes purposes,
as well as for the private vehicle travel associated with out-of-home services.
That is, a combination of the slackened improvement in efficiency indicated
by the slowdown and continued growth in the volume of key end-uses—
structural change—could propel energy uses upward once again.

A return to growth could pose significant policy problems in light of
scientific concern over the role of fossil fuel combustion in global climate
change (62). If efficiency improvements slow down while structural change
increases energy demand further, then policy makers will have to work harder
to restrain the emissions that result. If increased demand takes up the slack in
world oil markets, the world’s economies may see a repeat of the roller
coaster of the 1970s and 1980s. Technological progress fostering a retura to
improved energy efficiency might head off one or both of these possibie
dilemmas. As Carlsmith et al (18) and Hirst (49) point out, the technical,
economic, and policy opportunitics are enormous. But as Schipper (63)
warned, policies may have caused only a small increment in the total savings
in the indusirialized countries through 1985. Achieving the potential suvings
documented in the literature through the implementation of appropriate poli-
cies will be the challenge of the 1990s and beyond. '

NOTE ADDED IN PROOF Preliminary analysis of yet unpublished data for
1988 indicates that fuel intensity, adjusted for structural change, fell by 6.0%
(2.0% per year) between 1985 and 1988; clectricity intensity fell by 10.8%
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(3.8% per year); and total energy intensity fell by 6.6% (2.3% per year).
These results generally confirm the approximations used in this section.
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INTRODUCTION

The purpose of this review is to investigate the evolution of energy demand in
the United States since the carly 1970s with the goal of measuring the impacts
of improved energy effliciency. We examine the changes in final encrgy
demand that were induced by changes in cnergy intensities, which are related
to efficiency improvements: by changes in the appregate activity levels in
each major end-use sector: and by changes in the structure of activity within
each sector. Where possible, we examine the changes in encrgy-efficiency
trends caused by the drop in world oil prices in carly 1986. Finally, we offer a
view on prospects for enhanced encrgy efficiency over the long-term future.

Methodology

Studies of comparative energy efficiency often make use of aggregate in-
dicators such as the ratio of primary energy use to Gross National Product

"The US Government has the right to retain a nonexclusive, royalty-free license in and to any
cuopyright covering this paper.
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(GNP). But the use of energy/GNP ratios as cfficiency indicators is suspect on
both theorctical and cmpirical grounds. The energy/GNP ratio is determined
not only by changes in the clficicsicy of encrgy utilization, but also by
changes in the growth of encrgy-using activities relative to GNP. As a recent
study of the Norwegian economy shows (1) the effects of structural change on
encrgy-oulput ratios may be substantial.

In this study we follow a fundamentally diffcrent approach. We examine
the cvolution of cnergy use in each major end-use scctor and relate the
changes that occurred fo the effects of three causal factors: (a) changes in the
aggregate level of encrgy-using activities in each sector; (b) changes in the
structure or composition of activities; and (¢) changes in energy intensities, or
encrgy use per unit of activity or output. Of these three factors, only energy
intensity (actually its inverse) is conceptually related to energy efficiency.
Our work builds on and extends similar analyses performed by the Pacific
Northwest Laboratory (PNL) (2) and the US Department of Energy (DOE)
(3).

Our approach is one of factorization. For each sector we measure changes
in activity, structure, and intensity and calculate the change in energy use that
would have occurred in response to each factor if the other two had remained
constant at basc-year (1973) values. We then compare the overall activity
change in cach sector with the change in GNP. Where fuel switching is
important we estimate the encrgy use that would have occurred in 1987 if fuel
choice shares of 1973 had remained constant. Where possible, we dis-
aggregate energy use by fuel type to circumvent the difficulties involved in
the selection of an aggregate cnergy index (4).

We then seck to micasure the impact of improved encrgy efficiency on total
encrgy use by comparing energy intensities in 1973 and 1987, noting the
differences, separating out the effects of fucl substitution where possible, and
then multiplying cach difference by the comresponding level of affected
activity in 1987. For example. automobiles and light trucks in the United -
States required approximately 6.35 MJ/vehicle-km in 1973, but only 4.3
MJ/vehicle-km in 1987. Since these vehicles were driven 2.7 trillion vehicle-
km in 1987, cfficiency improvements “saved™ 5.5 EJ of fuel, or about two
and one-half million barrels per day of oil equivalent. These “savings” show
how much more energy would have been used had intensity not fallen. While
energy intensities are not strict indicators of energy efficicncy because they
arc determined in part by behavioral and structural factors—the energy inten-
sity of steel manufacture may, for example, decline either because of im-
proved process technologies or because of increases in the utilization of scrap
melal—cnergy intensitics arc observable while technical efficiency generally
is not.

We summarize our [indings by noting how major activities grew or con-
tracted within each scctor, and whether measures of overall sectoral activity
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grew more or less rapidly than GNP. Similarly, we can index the changes in
intensity we observe 1o see which were rapid and which were slow, with an
eye to the changes in the energy/GNP ratio. From this analysis we can identify
the most important causes of change in US energy use since 1973, and hence
likely sources of change—upward or dowaward—in the future.

in this approach we do not attempt to assign behavioral causes to energy
savings. Thus while we refer to changes in prices and incomes that doubtless
had fundamental impacts on the evolution of structure, energy intensity, and
fuel choice, we leave a formal treatment of the impact of these factors for
another study. But we do identify the physical components of energy saving,
such as greater load factors in air travel, or a shift to slightly smalier
automobiles. And where possible we attempt to distinguish between change
that is reversible and change that is essentially permanent.

Sectors, Time Frame, and Data Considered

We focus on five cnergy use sectors—passenger transport, freight transport,
households, the service sector, and manufacturing—that dogether account for
approximately 80% of end-use energy as measured by the Department of
Energy (Figure 1) (5). Our time frame is 1973 to 1987, although we have
studied manufacturing energy use back to 1958, residential energy use as far
back as 1960, and transportation energy demand back to 1970. The approach
requires a reasonably accurate disaggregation of the resideatial and service
sectors. We disaggregate manufacturing energy use {rom that of other in-
dustry, including the mining, agriculture, and construciion sectors, about
which little is known in spite of the fuct that they used some 5.3 EJ of encrgy
in 1985. Unfortunately, the last year for which the manufacturing sector data
are disaggregated is 1985. We use a bottom-up disaggregation of energy use
and activity for passenger travel, omitting travel by school bus. But we do
estimate the important impact of light trucks on total passenger travel. For
freight, we have estimated the haulage by light trucks but ignored natural gas
use in pipelines (about 0.7 EJ in 1987) because there is no measure of natural
gas movements. In all we estimate that the many uncertainties in energy
demand and activity levels are smaller than the most important changes that
have occurred since 1973. Hence we believe our conclusions are sobust.

Summary Findings

Our principal findings are (see Table 1):

L. Aggregate energy intensities in the residential, services, manufacturing,
freight, and passenger transportation sectors, adjusted for changes in the level
and structure of sectoral activity, fell by a weighted average of 24% between
1973 and 1987, Adjusied primary cnergy intensities fell by a weighted
average of 21%. Since the US energy/GNP ratio fell by 31.8% for delivered
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Figure 1 Delivered energy use by end-use sector. The residual category accounts for the
difference between total delivered energy and the end-uses covered in this analysis.

energy and 26.3% for primary energy over this period, this analysis suggesis
that about three-quarters of the decline in the energy/GNP ratio was induced
by reduced energy intensity, while the remainder was caused by structural
change and interfuel substitution.

2. Actual energy use for the five sectors surveyed in detail was 51.4 EJ in
1987, or 70.7 EJ including electricity generation and iransmission losses.
Taking into account changes in the level and structure of energy-using
activities, the efficiency improvements described above translate into savings
of 16.5 EJ of delivered energy or 19.7 EJ of primary energy. .

3. The largest reductions in energy intensities occurred for automobile and
air travel, home heating, and fuel use in the manufacturing and service
sectors. The energy intensity of truck freight, in contrast, actually increased.
A decline in load factors and a rise in the importance of light trucks for
personal transportation together limited the decline in the system intensity of
private vehicles to only 15%.

‘4. The decline in fucl intensity for most fuel-using processes, together with
the increase in the number of electricity-using processes, caused the share of
delivered energy as electricity to increase from 11.2% to more than 16%.
Direct substitution of electricity for fuel in space and water heating or cooking
had only a minor effect on this overall shift.

5. Changes in aggregate sectoral activity levels boosted delivered and
primary energy use by 35%. But the activity levels of the freight, passenger
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impacts of changing activity levels, sectoral structure, and structure-adjusied encigy intensity

fndicator/sector

Definition/description of faclors

fmpact on secforal encrpy usc
between 1973 and 1987

Delivered encigy Primary cenergy

Activily
Passenger transporiation
Freight
Manufacturing
Residential
Services
Weighted average®®
Structure

Passenger transportation
Freight
Manufacturing

Residential
Services

Weighted average®
Energy intensily

Passenger transporiation

Freight

Manufaciuring

Residential

Services

Weighted average®?
Actual energy use

Passenger transportation
Freight

Manufacturing
Residential

Services

Weighted averao~"

* Weights are shaic:

passenges-km/yr -
tonne-kin/yr

manufacturing value-added
population

service secior value-added

modal mix

modal mix

industry-by-industry value-added
shares

houschoid floor area and appli-
ance
ownership per capila

commercial floor area per unit of
value-added, heating  fuel
swilching

modal encrgy iniensities*

modal energy intensities®

industry-by-industry energy in-
tensities

useful space heat energy per unit
of home area, eicctricity per
appliance, useful energy per
capita for cooking and hot
waler

energy use per unit of com-
mercial floor arca

+37%
+28%
+43%
+15%
+50%
+35%

+5%
+4%
-17%

+26%

+1%

-20%
-5%
-31%

~24%

-29%

-24%

+13%
+271%
-21%

+5%
-2%

+31%
+28%
+43%
+15%
+50%
+35%

+5%
+4%
-16%

+34%

+6%

+5%

-20%

~-26%

-21%

-18%

-2i%

+13%
+27%
-13%
+13%
+25%

+6%

i1 energy use

" Real GNP increased by 40% over the period
¢ includes the impact of changes in load factors
“The energy/GNP ratio fell by 32% in terms of delivered energy and 26% in terms of primary encigy
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transportation, and residential sectors fagged behind the 40% growth in GNP
whilc the proportion of GNP generated in ike manufacturing sector remained
relatively constant. Only service sector output grew more rapidly than GNP.

6. Structural change reduced manufacturing encrgy use bul increased ener-
gy usc in the residential, freight, and passenger transportation sectors because
the mix of activitics became more encrgy intensive. Overall, structural change
within scctors increased US energy delivered use by only 1% and increased
primary energy use by 5%.

7. The recent slowdown in the improvement of US encrgy efficiency has
manifested itsell in almost every scclor, with the possible exception of
manufacturing. This slowdown represents a market plateau, not the con-
frontation with thermodynamic or technological limits. Public policies could
restore some of the interest in raising the cfficiency of energy use.

TRANSPORTATION SECTOR

Total transportation energy use consists of four components: energy use for
passenger transport, freight, natural gas pipelines, and a miscellaneous cate-.
gory that includes off-road equipment, private boats, military activities, and a
number of other residual items (6, 7).2 This section focuses on the first two
components, which rose from 17.5 EJ in 1973 to 20.3 EJ in 1987° with
temporary decreases observed following the oil shocks in 1973 and 1979
caused by declines in transportation activity.

Using data from Oak Ridge National Laboratory (ORNL), we describe the
structure of each subsector by noting the contribution of each mode, measured
by passenger-km or freight tonne-km, to total subsectoral activity. We obtain
fuel use data from the same source. We measure vehicle fuel utilization
intensity (VI) in MJ/km for cars and trucks and in MJ/air-km for aircraft.
Complementing these fuel utilization indicators are modal energy intensities
{(MI), measured in MJ/passenger-kim and MJ/tonne-kmn for passengers and
freight, respectively. Estimates of both VI and MI are available; we use VI to
describe technological changes that reduce the fuel use of individual modes
and MI to compare modes. Note that the changes in VI and Ml are often quite

2Our data follow Ross and the Oak Ridge Data Book, with one impostari <.t assumption:
We estimate that light trucks provided 7% of passenger travel in private vehicies in 1970, rising to
22% in 1987. We assume that light trucks used as passenger vehicles are driven the same distance
but with 0% higher load factors as automobiles. Data from the two Nationwide Personal
Transportation Surveys that covered light trucks (1977, 1983) bear out this approximation. Our
estiinatr ot ¥ % truck fuel economy, however, is taken from vatues for all light trucks. Note that
Ross uscs itk as a measure of activity for autos/light trucks (and for truck freight), and
gets somewhai different results because the volume of vehicle-kin grew more than that of
passenger or tonne-km in these modes.

*These figures represent 89% and 90% of scctoral encigy use in the respective years.
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different because of changes in utilization. These differences can lead to
ditferences in the measurement of energy saved by as much as 25%.

The Structure of Transportation

The total volume of passenger travel increased by 2.2% per year between
1973 and 1987, slightly more rapidly than population, but slower than GNP,
During this time the share of air transport increased from 6.5% to nearly 13%
of total travel, at the expense of antomobiles and light trucks (Figure 2). The
share of bus and rul activity, which is low by international standards, fell
from 2.4% of travel in 1973 10 only 1.9% in 1987. Thus the shift from
automobile to air was the major structural change occurring in this sector. If
only the mix of modes had changed beiween 1973 and 1987, travel-related
energy use would have increased by S.3%.

The small share of rail and bus mass transit deserves comment. In some
metropolitan arcas mass transit carries as much as one-haif of all trips 1o
work, but private vehicles dominate all other travel. The long-term decline of
the share of transit was reversed momentarily after the oil supply interruptions
ol 1973 and 1979, but has continued unabated since 1982, The fact that mass
transit did not gain market share for any length of time while gasoline prices
were high suggests that high encrgy costs alone were not suificient to revive
mass transit.

Related to the decline in the use of mass transit has been the increase in

1000 Passenger-km/capita/year 25

EA air
B Mass Transit
B Lite Truck

Private Car

i
1970 1973 1976 1979 1982 1985

Figure 2 Passenger transporation per capita by mode.
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Figure 3 Freight activity by mode.

ownership of personal vehicles. The total number of automobiles and light
trucks operated for personal use rose from less than 90 million in 1973 (0.47
per capita) to around 120 million in 1987 (0.60 per capita), or more than one
vehicle for every person with a driver’s license. But while the number of cars
and personal light trucks has grown steadily, the distance travelled per car per
year has been remarkably stable, even as fuel prices varied by more than a
factor of two (6). This increased vehicle ownership, and therefore greater
driving per capita, not increased driving per vehicle, pushed total land travel
upwards over time. All the increased ground travel has been carried by these
vehicles, resulting in a loss of share for bus and rail modes. Because load
factors in cars and light trucks declined from slightly more than 2 in 1973 10
around 1.7 in 1987, the growth in passenger-km (1.8%/yr) in this mode did
not keep pace with that of vehicle-km, 3.0%/yr.

‘The total volume of freight (excluding shipments of natural gas®) measured
in tonne-km, grew at an annual rate of 1.8% from 1973 to 1987. Like travel,
freight grew less rapidly than GNP. The level of tonne-km by mode (exclud-
ing gas in pipelines) fluctuated over time (Figure 3). The share of trucks
increased slightly, and within trucking, the share of lighter, short haul trucks

*Approximately 20% of freight encrgy use was in the form of natural gas used to sun
compressors for natural gas pipelines. Unfortunately, no measure of tonne-km for gas shipmeats
is available. Since natural gas substitutes for coul and oil, both of which are counted in freight
shipments, the omission of natural gas is unfortunate. Similarly the small weight of water and
coul-shurry shipped is also unavailable.
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increased as well. If only the mix of modes had changes between 1973 and
1987, freighi-relaied enesgy demand (excluding natural gas) would have
increased by 3.6%.

Although the modal mixes for both passenger and freight transportation
shifted towards modes with higher modal cacrgy intensity, the volume of

activity for each grew less rapidly than GNP. On balance, these changes
reduced transportation energy use relative to GNP.

Intensity and Efficiency

Key energy-using vehicles became less encrgy-intensive during the 1970s and
1980s. The V1 of automobiles fell by 33% to 4.3 MJ/vehicle-km or 19.1 MPG
between 1973 and 1987. Light truck VI, which is higher than that of auto-
mobiles, fell less, by 19% to 5.9 MJ/vehicle-km. But the share of light trucks
used as passenger vehicles increased to over 20% of the private passenger
vehicle stock. When figures for these two vehicle types are combined, the
" result is only a 28% decline in the VI of private vehicles. The VI for air travel

decreased by 22.7% between 1973 and 1987, to 305 MJ/km (7). Additionally,
energy use per seat-km fell by more than 40% because the number of seats per
aircraft increased from 111 in 1970 to 161 in 1987. Technologically, then, Vi
fell significantly for major modes.

Utilization patterns had different impacts on these modes. Load factors for
auiomobiles and light trucks fell from approximately 2.0 occupants per
vehicle in 1973 to 1.7 in 1987 (8).% As a result, the Ml of private vehicle
travel increased through 1979, and only fell 15% overall between 1973 and
1987. Load factors for transit buses fell, increasing energy intensity, but load
factors for AMTRAK increased, causing the energy intensity of intercity rail
travel to fall. Load factors for air travel increased significantly, from 54% of
available seats filled in 1973 to 62% in 1987. This change, combined with the
introduction of more efficient aircrall, caused the Ml of air travel o fall by
almost 50% between 1973 and 1987. Overall, the MI of passenger travel
declined by 18% from 3.27 MJ/pass-km in 1973 to 2.69 Mi/pass-km in 1987.
The decline in individual intensities alone caused a 20% decline in this
intensity.

The fuel economy of automobiles improved significantly. As a review by
Ross (6) shows, most of this improvement came about through improvements
in the economy and performance of new cars of a given interior volume;
“downsizing” of the fleet had only a minor impact on fuel economy. Further-
more, Ross shows that engine power per engine size increased. In other
words, the performance of new cars sold in the United States improved, but

>Automobile load factors are estimated by ORNL from the Nationwide Personal Transporta-
tion Surveys (1969, 1977, 1983). Light trucks were included in 1977 and 1983. We have

assumed that load factors and driving distances are approximately the same for both vehicie
types.
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VI fell. US Environmental Protection Agency (EPA) tests indicate that the
sales-weighted fuel economy of new automobiles increased to 28.5 miles per
gallon (mpg) (8.3 liters per 100 km) in 1988. The combined new car/light
truck average moved from 15.3 mpg in 1975 to 25.8 mpg (9.2 liters per 100
kim).in 1988.

Two factors prevented these dramatic improvements from fully affecting
actual on-road fucl economy. Ross gives the test mpg of light trucks as 21 in
1988, down slightly from 1987, while that of automobiles rose to more than
28. The increased importance of light trucks with lower fucl economy than
that of automobiles has thus restraincd the improvement in overall new
personal vehicle fuel cconomy. Second, the actual EPA tests do not represent
real fuel economy, something well known for many years. This is because
driving in the city is not well simulated in the EPA tests. Moreover, the
distortion may have increased over recent years (9). The share of driving in
cities has increased (DOE calls this the “rural-urban shift”), and the conges-
tion in cities, which depresses fuel economy, has worsened. Thus test mpg
may diverge as much as 22% from real mpg today as compared to the 15%
bias of the 1970s. This distortion applies to light trucks as well as cars.

The dramatic improvement in air fuel economy was documented by Gately
(10). New aircraft require significantly less energy per seat-mile than do older
ones, both because of improved engines and aerodynamic characteristics (i.e.
technology) and because most newer aircraft of a given type have more seats
(i.e. structure). For example, a Boeing 767 yiclds more than 60 seat-miles per
gallon, while a 707 of the original, pre-1960 vintage, gives less than 40. The
number of seats on many older aircraft has been increased. In some cases, the
engines on existing planes were upgraded, often in response lo noise reduc-
tion regulations. As a result of these changes, seat-miles per gallon increased
for almost every type of aircraft, typically from 30 to 40 for narrow-bodied
planes (707s, 727s, and 737s) and from 40 to almost 60 for the wide-bodied
models (747s, DC10s, and L1011s).

Changes in operations practices had an impact on fuel economy, loo. As
noted above, the average load factor increased (7). Stage length, or the
distance flown per flight, increased by 23% from 742 km in 1978 to 917 kmin
1988 (i1). This change increased fuel economy, because planes spend a
greater part of their flight actually cruising as stage length increases. Average
speed should then increase, for the same reason. Yet average speed, as
estimated by the US Federal Aviation Administration (FAA), was about the
same in 1978 as in 1988. That average speed did not increase suggests that
congestion around airports slows aircraft, increasing fuel consumption per trip
as planes circle or take other measures near cities. It appears therefore that
these tivo operational factors offset each other.

The story for freight was different than that for passenger travel. Ship and
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rail freight intensities each declined by about 30%. But truck freight intensit-
ies increased slightly by 6%, from 2.96 Ml/tonne-km in 1973 0 3.14
Ml/tonne-km in 1987.% Aliered wtilization pattems appear (o be the reason for
the increase in inieasity, as well as a gradual increase in the importance of
light trucks with low loads. Overall, the change in intensity of all modes alone
through 1987 would have decreased treight energy use by 4.5%, but structural
changes towards greater truck freight offset this decrease by 3.6%.

According to statistics cited by ORNL (7), the Vi of light trucks, measured
in MJ/km, fell by 19% between 1973 and 1987. The VI of other single unit
trucks fell by 5% between 1973 and 1982 but has since ncreased over time.
And the VI of combination trailer/tvucks fell by about 5% over the eatire
period. When the entire stock is weighted using the Truck lnventory and Use
Surveys of 1977 and 1982 (12), V1 drops approximately 10%. Because these
changes are so small, changes in the utilization and mix of trucks affected
freight MI more than changes in the fuel economy of individual classes of
trucks. The small improvement in fuel economy was more than offset by the
other changes in utilization patterns that increased the energy intensity of
freight haulage. In spite of the unceriainties, this finding suggests research is
needed to improve the overall energy performance of trucking.

Conclusions: Energy Efficiency in Transportation

Between 1973 and 1987, the components of transportation energy demand
changed significantly, as Figures 4 and 5 show. Overall, transportation
energy use declined relative to GNP. The most important single component in
this decline was the reduction in the energy intensity of passenger travel. The
vehicle efficiency of the three major transportation modes has improved since
1973. Fleets of personal vehicles, aircraft, and trucks were 28, 40, and 10%
less energy intensive in 1987 than they were in 1973. This change alone saved
more than 7 Ed/yr of energy by 1987. Lower load factors in personal vehicles
increased energy use by 1.4 EJ, and lower load factors and shifts to more local
freight traffic increased energy use for freight by more than 0.6 EJ. Although
our figures are not strictly combinable in a linear way, the savings implied by
these three changes are consistent with the 4 £J that PNL and DOE estimated
were saved between 1972 and 1986.

In 1989 the VI of new personal vehicles and aircraft was approximately

°Unfortunately there are no complete data for US freight haulage, only estimates of intercity
tonne-km and cnergy use. Freight carried by light trucks was estimated by assuming they carry
100 kg tor the vehicle miles not assigned 1o personal light trucks. Intsacity freight carried by
heavy trucks was estimated from the difference between vehicle-miles of heavy trucks in intercity
travel and in all travel, multiplicd by 2.5 mit 1o represent a load. Over a wide range of assumptions
for these values there seems no question that the total energy used by trucks increased taster than
the total volume of freight.
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Figure 4 Passenger transportation delivered energy use. Evolution of actual and hypothetical
transportation energy use for travel. Each “eftect” is computed by having only modal intensity,
activity. or structure (modal mix) follow its actual path while holding the other twa components
constant at 1973 levels.

25% less than that of the existing vehicle stock, ensuring technological
decreases in fuel needs that are irreversible for the next several years. But
whereas the load factors of aircraft increased in the 1970s and early 1980s,
lowering Ml even more, utilization of both automobiles and trucks worsened,
in the latter case enough to cause an increase in MI. And preliminary data
suggest that the automobiles and light trucks purchased in 1989 will be more
fuel intensive than those purchased in 1988. The VI of other trucks stopped
declining in 1982. Moreover, preliminary operating data from 1988 suggest
that fuel use per passenger-km for commercial aviation in 1988 was no lower
than in 1987. And average speed was headed downward, suggesting more
congestion at airports. Thus the rate of improvement in actual fuel economy in
major transportation modes is clearly slowing down. While all three modes
show promise for further improvements in technological efficiency, these

improvements have been slowed by lower fuel prices and other factors.

OUTLOOK

Automobile transport is the single most important energy-using activity in the
US cconomy. Thus changes in the fuel economy of cars will be important to
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Figure 5 Freight transporiation delivered energy use. Evoiution of actual and hypotheticat
energy use for freight transportation. Each “effect” is computed by having only intensity,

aclivity, or structure (modal mix) follow its actual path while holding the other two components
constant at 1973 levels.

the nation's energy future. Not surprisingly, there is concern over the recent
flattening of the fuel intensity of personal vehicles. Figure 6 shows key
features of this plateau. Indexed to real (or estimated) 1973 values are actual
fleet and test new vehicle fuel intensity (including that of light trucks) as
calculated by Ross (6), the real gasoline price, the real cost/km of using
gasoline, i.e. the price index times the fuel utilization index. The sudden
decline in price (and cost) in 1986 is clear, as is the siow drop of equal
magnitude between 1982 and 1986. Not surprisingly, the decline in fuel
intensity slowed afier 1982 and may have reversed in 1989. Indeed, the fucl
economy of cars imported into the United States peaked in 1983. Have auto
manufacturers exhausted ways of improving fuel economy?

The literature is replete with reviews of the potential for further im-
provements in fuel economy (6, 13-17). These references all point to a large
number of prototype cars that use less than 50% as much fuel per seat-km as
today’s average new car, and hence less than 33% of the present fuel per km.
In conversations with major automobile producers worldwide (including
BMW, Volkswagen, Volvo, Peugeot, and Gencral Motors), however, we
found that the outlook for stable oil prices has all but erased fuel economy as a
major concern for auto manufacturers. Similarly, the lull in gasoline prices
has permitted, if not encouraged, Americans, Japanese, and Europeans to
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Figure 6 Pcrsonal vehicle fucl economy. Evolution of new-car and on-road fleet mpg and prices
in the United States. Prices are taken from Monthly Energy Review. The on-road vehicle fuel
cconomy figures are calculated in this study by sununing values for cars and personal light trucks.
The new vehicle figures include all light trucks sold. Sources: ORNL, ACEEE, LBL-IES

manufaciure and buy more powerful and often larger cars in recent years.
Thus the plateau (and apparent reversal) in the weighted improvement in fuel
economy are as much a result of consumer indifference as of manufaciuser
disinterest. As Ross (6) shows, total driving costs are relatively insensitive to
fuel costs. This was particularly true in 1988, when the real gasoline cost of
driving one km in the United States and many European countries was the
lowest in decades.

Difiglio et al (17) catalogue technologies that would improve test rew-car
fuel economy to nearly 40 mpg with no loss in amenity. Using a 7% real
discount rate and amortizing the increased costs over 10 years, Carlsmith et al
{18) found that improvements to 38.5 mpg would be cost effective at a
gasoline price of $1.43/gallon in 2000. But thes. < -~ount rates are not typical
for consumers’ purchases of encrgy-using goods, as Rudermann et al showed
for appliances (19). Greene (20) finds that both the Corporate Average Fuel
Economy (CAFE) standards and to some extent higher fuel prices caused the
decline in fuel intensity after 1975, stimulating both consumers and producers
to focus on fuel economy. But with standards frozen today, there is no
pressure from this powerful stimulus. Moreover, with fuel prices and costs
as low as they were in 1989, it would be difficult to believe that fuel inten-
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sity would continue to decline rapidly, although technological improvements
could certainly keep pace with increases in interior room and power. The
high-mpg prototypes may never be commercialized, although important com-
ponents tested in these models may appear soon in ordinary automobiles.
Standards of some kind, combined with higher fuel prices, possibly through
taxes, appear necessary components of any policy designed to get both
producers and buyers to focus on fuel economy in the near future.

The fuel economy of trucks should not be overlooked. Better engines,
betier aerodynamic designs, and, in some states, permission (o pull tweo
trailers, all could contribute to lower Vi, But the truck freight system itsell
has evolved towards a more energy-intensive mix of short huul modes and
smaller trucks, as a result of shifts in the kinds of products being shipped and
the patterns of shipping. And traflic congestion increases truck fuel use.
While the intensitics of other freight modes have declined since 1973, these
modes have played a declining role vis-a-vis trucks, whose fuel use dominates
the subsector. As a result, the probability that the energy intensity of freight
hauling will fall over the short term future is slim.

The third most important subsector of transportation is air travel. Accord-
ing to experts at Boeing (. Wallace, private communication), three impor-
tant factors will affect future passenger aircrafl fuel economy. Gradual
improvements in control technologies will reduce energy requirements
somewhat; breakihroughs in materials technologies that permit engines (o
operate at higher temperatures could boost engine performance significantly;
betier scheduling and controlling will reduce losses at and around airports.
Each of these changes could reduce fuel inteasity by 5-10%. More dramati-
cally, adoption of the by-pass fan engine would reduce fuel inicnsity by 30%
or more. But both Boeing and McDonnell-Douglas have put off development
of this engine indelinitely. The cost of new developments, expressed as an
incremental capital cost for new aircraft, is too high relative 1o the cost of
fucl. Hence expectations are for only gradual improvements through better
flying controls.

Just as for automobiles, aircraft energy intensity also depends on system
performance. Passengers per Hlight increased all through the 1970s and 1980s,
but recently airlines have found it profitable to insert business class seats in
place of economy, reducing the total seating/aircralt available. Congestion at
and around airports is another factor affecting encrgy intensity. And stage
length also has a lundamental impact on fuel use. Nevertheless, virtually
every new airplane entering the US (and world) flect is more cfficient than the
present fleet itsell. This efficiency gain is greater than the potential offsetting
effects of slight declines in seating capacity or load lactor. Thus the principal
uncertainty over future aircraft fuel performance is that of the rate of decline
of fuel intensity.
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Figure 7 Manufacturing energy use by fuel type.
MANUFACTURING SECTOR

The US manufacturing sector, which consists of a range of industry groups
involved in the transformation of raw materials and intermediate goods into
finished products, used 14.3 EJ of energy for the provision of heat and power
in 1985 (Figure 7). While an additional 4.1 EJ of energy products were used
by the sector as feedstocks in the production of asphalt, organic chemicals,
and other goods, these products were excluded from our analysis on the
grounds that they should properly be counted as material rather than energy
mnputs.

We gathered data on the energy use and economic activity of six energy-
intensive manufacturing industry groups—paper and pulp (SIC? 26); in-
dustrial chemicals (SIC 28 excluding 283-285); stone, clay, and glass (SIC
32); iron and steel (SICs 331, 332, and 339); nonferrous metals (SICs

"333-336); petroleum refining (SIC 291)—and a residual category (“other”)

that encompasses the range ol non-energy-intensive manufacturing activities.

Unfortunately, the available statistics on manufacturing energy use are less
than adequate in a number of respects. Although the Census Bureau (21, 22)
published data on manufacturing energy use for the years 1954, 1958, 1962,
1967, 1971, and 1974-1981, this series was discontinued in more recent years
as the federal government cut back its efforts to gather and publish energy
data. Moreover, the Census data account only for inputs of purchased fuels

SIC” is an acronym for the US Standard Industrial Classification system.
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and clectricity, and exclude sclf-produced fuels such as the still gas uscd in
petroleum refining and the wood waste used in the paper and pulp sector that
together account for some 29% of scctoral encrgy use. More recently, the
Energy Information Administration (E1A) carried out a survey on manufactur-
ing energy usc (23) that both provided data for the 1985 calendar year and
measured the use of nonpurchascd fuels. But while EIA plans to repeat this

survey ai three-year intervals, no comprchensive data on manufacturing
energy use are available past 1985.

The manufacturing energy data used in this report were taken from the US

National Encrgy Accounts (NEA) (24), which usc a variety of government
and nongovernment statistics—including the Census and EIA data—to pro-
vide a consistent series of annual energy use data for the ycars 1958 to 1985.
These data account for the total use of fuels and clectricity for heat and power
and distinguish between oil, natural gas, coal, wood, and elcctricity consump-
tion.

The measurement of manufacturing activity invoives both conceptual and
practical difficulties. Whilc the real valuc-added statistics published by the
Commerce Department (25) are often used in the analysis of trends in
industrial production, these data are estimaied as the algebraic difference
between dollar values of outputs and intcrmediate inputs in each year, evalu-
ated at base-year prices. Consequently, trends in Commerce Department real
value-added depend not only on output trends per se but also on changes in the
efficiency with which inputs are used to produce output. Value-added will
increase, for example, il production remains constant but technological im-
provement leads to reduced input requiremcnls per unit of output.

To circumvent this difficulty, the Industrial Production Indices published
by the Federal Reserve Board (FRB) (26, 27) were used to measure man-
ufacturing activity for the purposes of this study. These statistics measure the
physical production of each product class weighted by its coniribution o
sectoral value added in the base year (1977). The result is a scries of real
value-added data that in principle account strictly for changes in physical
production.®

The energy intensity of cach industry group is thus defined as energy use
per unit of FRB industrial production, mcasured in energy per unit of value-
added. Our analysis investigates the impacts of changes in the level of sectoral
output, changes in the structure or composition of this output between in-

dustry groups, and changes in industry-by-industry encrgy intensity on the
evolution of manufacturing energy use.

*Unfortunatcly, physical production is not readily defined in certain indusiry groups. As a
result, the FRB makes limitcd use of data on inpuis—inciuding, in some cases. electricity
consumplion—as surrogaies for outpui. While this practice obviously compromises the quality of

the data to some cxient, the application of this technigue is limited to a small number of indusiry
groups.
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The Structure of the Manufucturing Sector

The manufacturing sector consists of a large number of diverse industry
groups that cmploy an even broader range of process technologies to trans-
form raw materials into finished goods and services. This inherent complexity
imposcs certain limitations on encrgy analyses that do not generally hold for
other end-use sectors. In the residential and transport sectors, for example, it
is possible to rclatc encrgy use to specific technologies and to measure
cfficicncy changes explicitly over time. In the manufacturing sector, on the
other hand, one must cither cary out detailed technological analyses of
particular processes or facilitics or else focus on the analysis of relatively
aggregated data.

The analysis is greatly simplificd, however, by the fact that manufacturing
energy use is largely dominated by scctors involved in the processing of raw
materials. The energy-intensive industry groups described above, although
they account for only 18% of manufacturing valuc-added (Figure 8), are
responsibie for 56% of sectoral efectricity use and 74% of total energy use
(Figure 9). Accordingly, shifts in the product mix between the various
energy-intensive industries or between raw materials and light manufacturing
may have significant impacts on sectoral energy use.

To gauge the impacts of structural change on manufacturing energy use we
calculated the evolution in energy use broken down by fuel type that would
have occurred if the total output level and the energy intensities of each
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Figure 8 Manufacturing activity. Valuc-added by subsector.
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flucteations. Manufacluring output, as it is conventionally measured, has
grown with the cconomy for the past two decades, and there is no particular

reason {0 belicve that this selationship will decouple over the short to in-
termediate term.

Intensity and Efficiency

Changes in cnergy intensily, or encrgy per unit of value added in a particular
industry, will reflect changing cfficiency perfectly only if there is no change
in the mix of products produced within that industry. Our preliminary analysis
of the ratio of the physical production of encrgy-intensive raw materials to
real value-added in the industry groups in which those materials arc produced
has shown that structural changes may have been important in sectors such as
chemicals. where the production of plastics increased substantially relative to
other commoditics; and in stone, clay, and glass, where the production of
cement fcll by 20% relative to value added. But the literature to date has
shown that the most important impacts of structural change may be captured
al a relativeiy high level of aggregation such as the onc used in this analysis
{30, 31). Thus while the figures discussed in this section should be regarded
properly as indicators rather than measures of encrgy efficiency, we believe
that energy-intensity trends as measured in this analysis are driven mainly by
elfliciency improvements.

To measure the impacts of changing energy intensities on manufacturing
energy usc, we estimated the cvolution in energy use that would have
occurred between 1958 and 1985 if the output of cach indusiry group had
remained constant at its 1973 value while its energy intensity followed its
historical path. According to this calculation, structure-adjusted manufactur-
ing energy intensity declined by 2.5% per year between 1958 and 1973
(Figure 11). While this decline was led by a 58% decline in coal intensity, the
intensity of oil. gas, and wood use declincd by 23%, 15%, and 17% respcc-
tively. Electricity intensity, on the other hand, remained relatively constant
over the period.

The 1973 to 1985 trend in encrgy intensity is remarkably similar. On
aggregate, structure-adjusted cnergy intensity fell by 2.7% per year between
1973 and 1985—only slightly more rapidly than the 1958-1973 trend. On a
fuel-by-fuel basis, the intensity reductions were 44%, 37%, and 15% for oil,
gas, and coal, respectively. Wood intensity increased by 6%, while electricity
intensity dropped by some 6%.

Together, these statistics point to considerable improvements in man-
ufacturing energy efficiency over time. But these changes were arguably
driven as much by long-term changes in process technologies as by short-term
responses to changes in the relative price of encrgy. It is indeed striking and
even counterintuilive that the energy shocks of the 1970s did not induce a
significant increase in the rate with which manufacturing energy intensity

476 SCHIPPER ET AL

30 e ] 30

Eleciricliy
Wood
Natural Gas

oll

Coal

1958 1961 1964 1967 1970 1973 1976 1979 1982 1985

Figure 11 Manufacturing encrgy usc. impacts of intensity changes. This shows the hypothetical
evolution of encrgy use in manulacturing if activity and valuc-added shares of the subsectors

{structure) had remained constant at 1973 levels and only iniensitics had followed their actual
paths.

fell. Should not higher energy prices have pushed producers to develop and
implement energy-saving technologics that were not cost-effective at the low
cnergy prices of the 1960s?

The foliowing line of rcasoning may explain this observed disparity be-
tween expectation and realization. Energy accounts for only a small fraction
of total input costs in all but the most energy-intensive industries, so research
and development programs generally focus more on capital and labor pro-
ductivity and product quality than on energy saving. But technologies that
produce capital and labor savings generally save encrgy as well, so that the
energy efliciency of new manufacturing technologies improves over time,
even at low encrgy prices. The energy price increases of the 1970s presum-
ably led producers to invest in focused encrpy-saving technologies. But the
annual rate of manufacturing output growth slowed from 5.4% between 1958
and 1973 to 2.5% between 1973 and 1985. Hence while new technologies
may have been designed with more attention to energy costs, investments in
new technology slowed along with output growth. On balance, then, the rate
of encrgy-efficiency imprevement remained more or less constant.

Manufacturing Energy Intensity, 1985-1987

As notcd above, the most recent year for which comprehensive data on
manufacturing energy use are available is 1985. It is thercfore not feasible to
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extend the analysis presented: in the preceding section (o mose recent years.
Data are available, however, ‘on the use of fuel and electricity for heat and
power in the aggregate industrial secior, which includes manufacturing,
mining, agriculture, and construction. These data were prepared by subtract-
ing the use of energy feedstocks from the industrial energy statistics published
by the Energy Information Administration (32). If we assume that the rate of
energy-iniensity change was the same in manufacturing and nonmanufactur-
ing industries, and that structural shifts between manufacturing and other
industries were small, then changes in the ratio of industrial energy use to
total industrial production give an approximate measure of recent trends in
manufacturing encrgy inteasity. When this calculation is carried out, we find
that aggregate energy intensity fell by 4.1% between 1985 and 1987; fuel
intensity fell by 4.6%; and electricity fell by 1.9%. These savings were
focused mainly on the 1985-1986 interval. Little change in encrgy intensity
occurred between 1986 and 1987; electricity intensity actually increased by
1.2%. (See NOTE ADDED IN PROOF on p. 501.)

While this approach facks analytical rigor, it is defensible on the basis that
the manufacturing sector accounts for some two-thirds of industrial produc-
tion and four-fifths of industrial energy use. As we noted above, structural
change had no significant impacts on manufacturing energy use between 1985
and 1987. Moreover, the composition of total industrial production between
the various component sectors did not change substantially over the period. In
any event, such casual analysis will have to sulfice in the absence of more
authoritative data.

We note, however, that recent trends in selected industry groups support
the hypothesis that energy intensities are continuing to fall even in the
post-1985 era of low energy prices. Unpublished data from the Iron and Steel
Association (E. Young, private communication), for example, indicate that
the energy intensity of that sector fell by 11.5% between 1985 and 1988, or
4.1% per year. This improvement was spread across the range of technologies
used in the industry. Similarly, statistics from the American Paper Institute (J.
Metz, private communication) indicate that an energy intensity reduction of
2.1% occurred in the paper industry between 1987 and 1988. This number
grows (o 7.5% when adjustments are made to account for changes in capacity
utilization, the fuel mix, and other “structural” factors. Since the annual
reductions averaged 3.2% between 1972 and 1988—or 3.5% on an adjusied
basis—it is clear that recent improvements are consistent with long-term
trends. Energy intensity also fell in the chemicals sector between 1985 and
1988 according to unpublished data from the Chemicals Manufacturing
Associatics <1 farker, private communication). While the use of fuels and
electricity consumed for heat and power increased by 14% over the period,
sectoral output increased by 20%. Thus energy iniensity fell by a total of
5.0%, or 1.7% per year.
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F uél Mix

The use of oil and natural gas fell rapidly as the prices of these fuels rose in
the 1970s. It is often suggested that one of the factors behind this trend was
the substitution of solids and electricity for oil and gas. Indeed, the man-
ufacturing fuel share of wood rose from 7% to 12% between 1973 and 1985,
while the electricity share rose from 12% to 17%. The coal share, in contrast,
remained constant. But the utilization intensities of these fuels did not rise
substantially over the period—indeed, electricity intensity, adjusted (o
account for the impacts of structural change, decreased by 6%. Thus while
interfuel substitution was undoubtedly important in some applications, on the

whole oil and gas savings were apparently generated more by conservation
than by substitution. '

Conclusions: Energy Efficiency in Manufacturing

We have documented that enhanced energy efficiency has been an important
factor shaping the development of manufacturing energy use. But just how
much energy was saved by the energy intensity reductions that occurred
between 1973 and 19877 The fact that statistics are not available on actual
manufacturing energy use in 1987 complicates the analysis. But if we assume
in light of the information presented above that aggregate manufacturing fuel
intensity fell by 4.6% between 1985 and 1987 while electricity intensity fell
by 1.9%, and multiply these intensity estimates by actual 1987 manufacturing
activity, we tind that the manufacturing sector used approximately 12.1 EJ of
fuel and 2.5 EJ of electricity in 1987. If, however, the energy intensities of
each industry group had remained fixed at their 1973 values, manufacturing
fucl und electricity use would have been 19.0 EJ and 2.8 EJ respectively given
the actual level and structure of output in 1987. Thus energy intensity
reductions between 1973 and 1987 saved about 6.9 EJ of fuel and 0.3 EJ of
electricity for an overall improvement of 33%.

Outlook

Future energy use trends in the manufacturing sector, as in the other sectors
considered in this analysis, are difficult to divine. In the absence of compel-
ling evidence to the contrary, we expect that manufacturing output will
continue to grow more or less with GNP. A number of analysts have sug-
gested that the structure of manufacturing production will continue to evolve
away from energy-intensive raw materials industries (28). But the structure of
manufacturing has apparently stabilized in recent years, halting the downward
pressure on energy use that persisted throughout the late 1970s and early
1980s. Future structural trends are therefore highly uncertain and deserve
further research.

The future of manufacturing energy efficiency, on the other hand, is more
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casily forecast. As we noted above, sectoral cnergy infensily declined at an
average annual rate of 2.6% per year between 1958 and 1985 with no
significant departures from the trend over the entire period. Moreover, a range
of studies have suggested thai a continuing improvement of 1-2% per year
will be realized under expected economic conditions through the tum of the
cenlury (28, 33, 34). )

Of particular interest is a scries of engineering studies of the potential for
efficiency improvements in five industrics—stecl, cemeni, paper and pulp,
glass, and textile manufacturing {35-39). The studies indicatc that the
chances are “very good” that the aggregaic encrgy use per unit of physical
production of the sectors in question could be reduced by roughly 30% (1.4%
per year) between 1985 and 2010 using current “state of the ant” technology.
Reductions of approximately 40% (2.8% per year) are “possible” based on the
use of advanced technology.

The extent to which new energy-efficient technologies penetrate the man-
ufacturing sector will be generated in part by the rate of output growth {which
determines investment in new facilitics) as well as by energy prices. But we
expect that manufacturing energy intensity will continue to decline at a

healthy rate, although perhaps not as rapidly as in the past, as cosi-conscious
managers seek {o cut production costs.

RESIDENTIAL SECTOR

Total final US residential energy use remained relatively constant in the 1970s
and 1980s, fluctuating between a high value of 10.9 EJ in 1979 and a low of
10.0 EJ in 1982 (Figure 12), but rising to nearly 11 EJ by 1988. Primary
energy use, however, rose over most of the period with plateaus in the years
following each energy shock (40).°

During this time period, important changes took place in the characteristics
of the sector and the fuel mix. Population, which we take as our measure of
residential activity, and the number of dwellings increased substantially, and
the fuel mix changed as well. We must further disaggregate energy use by fuel
and end use in order to separate the effects of these changes from the impact
of greater efficiency. To do this, we compare encrgy use for appliances, hot

*These data are based on the State Energy Daia System (SEDS) reports, but include wood as
estimated by the Encrgy Information Administration and the use of gas and oil in apartment
buildings, uses of energy omiticd from SEDS. Weather adjustment is carried out by dividing the
apparent consumption of electricity and fucls for space heating by the ratio of actual to fong-term
average degree-days. When individual fucls are comparcd over time, the degree-day series
account for the distribution of homes heated by cach fuel.
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wiater, and cooking (41) with household population, and we compare space
heating with the number of homes or, where data are available, ‘with square
melers of heated floor area. These comparisons yicld energy intensities that
we usc {0 cstimate the impact of improved energy efficiency. We then
reaggregate the components of cnergy use in a way that allows us to separate
the cffects of changes in encrgy intensities from other factors that may have
affected encrgy use significantly.

Meyers (40) presenied a comprchensive summary of time series data
showing cnergy use by fuel (including wood); fucl choices for space heating,
water heating, and cooking; housing and houschold characteristics; weather;
and other features of the residential sector. Using these data and our estimates
of how much of each fucl is used for cach purpose, we obtain the estimates of
useful residential encrgy use per dwelling shown in Figure 3. By our
measurc of useful energy, delivered quantities of oil and gas are counted at
66% clficiency, solids at 55%, and clectricity at 100% to account for differ-
ences in the utilization efficiencics of the various fucls at the point of end use.
We have adjusted yearly data for variations in temperature (41). By 1987,
delivercd energy use per dwelling had fallen by 24% relative to 1973, useful
energy per dwelling had fallen 22%, and primary energy use per household or

occupied dwelling was 14% below its 1973 value. These declines suggest
significant conservation of fuels and clectricity.
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Figure 13 Restdentiad encrgy use. Useful cnesgy per houschold by end use. adjusted 1o normat
weather. Uselul energy is calculated by counting liquid and pascous fucls at 66% elficiency and
solids at 55% 10 account Sor conversion efficiencies of difterent fucls.

The Structure of the Residential Sector

Between 1973 and 1987, important changes in the characteristics of US
homes occurred. While the penetration of central heating (here defined as the
presence of a furnace or boiler circulating hot air or water through the home, a
central heat pump, electric furnace, or buili-in bascboard electric heating)
increased slowly over the period to around 80%, the average heated floor arca
increased from 130 m? 1o nearly 140 m?, which boosted space heating and
lighting requirements in an approximately propostional fashion. Cooking and
water heating equipment was virtually saturated in 1973, The ownership of
major appliunces (refrigerators, freezers, washers, dryers, air conditioners,
and dishwashers), in number of units weighted by 1973 unit enerpy utilization
ol cach unit, increased by 28% over the period.

Other important changes took place in the characteristics of houscholds and
homes. First, houschold size declined from 3.06 persons per houschold in
1973 10 2.72 in 1987, Schipper et al (42) suggested that energy use per
houschold at a given time varies approximately with the square root of
houschold size. For the parameters presented above, enesgy use per house-
hold should have declined by about 6%. But the decline in houschold size can
be viewed as an increase in the number of houscholds per capita of 13%. Thus
the decline in houschold size leads 10 an overall increase in cnergy use per
capita ol approximatcly 6.5%. Second, the regional distribution of homes
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shifted slightly, such that the average number of heating degree-days declined
by nearly 3% beiween 1970 and 1980 (40). This decreased space heating
requirements but increased cooling needs. On balance the geographical shift
should have decreased delivered energy use by about 2%, a small effect.

Household activity, as measured by population, increased energy use by
15%. The structural factors outlined above together increased final energy use
by 20%, primary energy by 26%. The

total increase in primary energy use
driven by changes in the level and structure of residential activity should have

been 45%, slightly greater than that of the GNP. As it turns out, household

energy use was restrained considerably by improved efficiency, as we show
below.

Fuel Mix

During the 1970s and 19805, major changes occurred in the mix of fuels used
in US homes, as Figure 12 implies. Changes occurred for two reasons. First,
existing homes switched from oil 1o gas and wood in space heating, from oil
to electricity in water heating, and from gas to electricity for cooking. The
switch in space heating was particularly rapid between 1978 and 1985, when
more than 5 million homes switched away (rom oil heating (Figure 14) (43).
Second, builders chose a significantly different mix of fuels for new homes
than that of the existing stock. Gas and electricity are used in preference (o oil
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Figwre 14 Principal houschold heating fuels. Share of homes using the indicated fuel as the
prncipal space heating fuel. Sources: Meyers, RECS. US Census Burcau
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in new-home space heating, and the share of clectricity for space and water
heating is much higher in ncw construction—around 50%—than in existing
homes. By the second half of the 1980s, the shares of electricity in these
substitutable applications levelied off, with only the higher share in new
construction stowly driving up the total share. In the period 1973-1987, these
two kinds of substitution had had roughly equal impacts on fuel choice.
Indeed, part of the decline in delivered energy per houschold occurred
because electricily assumed a larger role in substitutable end uses, eliminating
the on-site combustion losses that arise when fossil fucls are employed.
Similarly, some of the increase in primary energy use per household occurred
because more electricity-using devices were employed. Increascs in appliance

ownership increased the share of electricily in delivered energy, accounting

for two-thirds of the increase in electricity use. These changes mean that
aggregate household energy intensity, either on a primary or delivered basis,
has limited utility as an indicator of the impact of improved energy efficiency.
We can estimate the impact of shifts in the fuel mix on residential energy
use by asking how much fuel and electricity would have been consumed if the
share of homes using electricity for space heating, cooking, and heating water
in 1987 had been the same as in 1973, but other parameters (the number of
homes and the unit consumption of energy-using equipment) had their 1987
vaiues. Under these circumstances, about 0.3 EJ less site clectricity would
have been consumed, but about 0.97 EIl more fuel. Thus, the increase in
primary energy use from this electricity substitution, about 0.95 EJ, was just
about offset by the reduction in fuel use of 0.97 EJ. Note again that only part
of these shifts occurred through the switching of fuels in existing homes.

Intensity and Efficiency: The Major End Uses

This section analyzes the end uses shown in Figure 13. Useful cnergy
intensities for space heating (in k}/degree-day/m?) and major appliances (in
kWh/appliance/yr) in 1987 were significantly lower than they were in 1973,
Energy intensities of fuel-based cooking and water heating fell significantly,
but those for electricity fell less. US homes would have used 39% miore fuel
and 15% more electricity in 1987 for all purposes than they actually did if
thege reductions had not taken place. This section reviews these changes.

SPACE HEATING Changes in space heating energy intensily have been
dramatic. Weather-adjusted space heating fuel use in 1973 was approximately
7.1 EJ, electricity use 0.2 EJ. By 1987 fuel use fell to slightly under 6 EJ,
while electricity use rose to 0.36 EJ. At the same time, the amount of heated
floor area increased by nearly 40%. When consumption of principal {uels, as
well as LPG and other solids is aggregated, useful energy per dwelling for
space healing fell 34%, and 38% per unit of dwelling area. While some of the
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decline in space heating fucl use was caused by lower home utilization or
increascd contributions to heating needs by waste heat from other end uses,
the changes indicate significant conservation of cnergy.

Dectailed examination of individual heating fucls supports this finding.
According to our own tabulations, average consumption of gas in a home
using gas for spacc heating fell by 35% between 1973 and 1987 vs 40% for oil
and 26% for electricity. Data from the oil and gas industries (44, 45) show
similar declines in sales of fuels for heating, as Figure {5 shows.

There are many causes for these reductions. The thermal characteristics of
the external shells of existing homes were upgraded. The number of house-
holds adding insulation or other conservation features in 1987 kept pace with
or increased slightly relative to carlier years (40, 43). New heating equipment
was morc efficient than older, too. According to data compiled by the Gas
Appliance Manufacturer’s Association, the efficiency of new gas furmaces
increased from 63.2% in 1972 to 74.7% in 1988. The seasonal coefficient of
performance of new heat pumps increased from 2.1 to 2.9 between 1978 and
1988. The gradual replacement of heating equipment in existing homes and
installation in new homes has thus contributed to reducing energy use for
heating. The share of heat pumps has reached 25% of new hoimes heated with
electricity. Note, too, that part of the reduction in the use of the main space

heating fucls, particularly oil, was permitted by a dramatic increase in the usc
of wood as a secondary fucl.
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Efficiency improvements of the building shell in new construction are
equally impressive. Meyers (40) compared insulation levels in homes built in
1986 with those built in 1873, The improvement in the nominal thermal
resistance of attic insulation was nearly twolold, from R14.4 (or &k = 0.39
W/dcg-C/m" in terms of thermal transmissivity) in 1973 10 R26.8 (K = 0.21)
in 1986, and that for wall insulation was less, from R10.0 (¢ = 0.56) 1o R12.5
(k = 0.45). The share of new homes with double- or triple-glazed windows
increased from 40% to 79%. In a 1987 snapshot, the fraction of homes with
storm windows, wall insutation, and insulated floors over a basement or crawl
space s sipgnificantly higher in homes built after 1974 than that in homes built
before 1974, confirming the new-construction insulation statistics. Similarly,
heating equipment efficiency has also improved, as noted above. So energy
use for heating in new homes should be significantly lower than that in
existing homes.

Data on energy use bear out these improvements in equipment and building
shells. Viewed in 1987, gas-heated homes built aftes 1974 used 20% less gas,
as measured in Mizdegree-day/m? than those built between 1960 and 1974
(43). Evidently, even though gas heating intensity in these pre-1974 homes
has fallen over time, this improvement has not closed the gap in intensity
between new homes and the typical home built before 1973, Similar im-
provements apply to homes heated with electricity and fuel oil. Clearly new
homes use less enerpy for space heating than older ones. Since 24% of the
homes in 1987 were built in 1975 or later, this means that improvements in
building practices have had an important impact on average heating intensity.

Not all of the reduction in space heating intensity was caused by improved
technology. however. Thermostat scttings in the early 1980s were several
degrees lower than in 1973 (40). By 1987, scutings were up slightly over 1984
(43). PNL (2) estimated that the contributions to the reduction in space
heating energy intensity between 1973 and 1986 from betier equipment and
from better building shells in both existing and new homes were about one
third larges than the “behavioral” component. Nevertheless, most of the
reduction since 1973 is permanent. Only a very conceried effort to induce the
raising of thermostat settings well above their 1973 levels would bring heating
intensity close 1o its 1973 value.

WATER HEATING AND COOKING  The principal fuels for water heating and
cooking are electricity and natural gas, although oil is in some cases still used
for water heating, and LPG is used for cooking and water heating in 10-15%
of all homes. From 1973 10 1985, the efficiency of new gas water heaters
incre -t only slightly from 47% 10 51%, while new electric water heaters
impioccd by a similar fraction. Automatic ignition (i.c. removal of pilot
lights) on new gas stoves and clothes dryers has reduced standby losses.
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Water use in washing appliances declined significantly, according to figures
for dish- and clothes-washers that heat their own water.

It is difficult, however, to determine the changes in actual water heating
and cooking energy use caused by improved efficiency. This is because
behavior and utilization patterns cause significant changes in estimated or
metered end use. Reduced household size, for example, has led to significant
declines in hot water use per household; changes in eating patterns as well as

additional use of microwave ovens led to lower unit consumption of gas or
electricity, for cooking.

ELECTRIC APPLIANCES AND LIGHTING  Although electricity use for light-
ing and electric appliances is not well documented (46, 47), estimates of
aggregale electricity use per household for the six most important appliances
(refrigerators, freezers, washers and dryers, dishwashers, and air condition-
ers) give some perspective on the changes that have occurred. Increased
ownership of these appliances, had there been no change in unit consumption,
would have boosted energy use for these six applications from about 3520
kWh per household in 1973 to about 4250 kWh per household in 1987,
Instead, actual use was approximately 3750 kWh per household, representing
a savings of approximately 12%, or 0.16 EJ.' If his savings rate were
applied to all appliances (i.e. all electricity use excluding that for space and
water heating and cooking), savings would be about 0.25 EJ.

A variety of studies document the improvements in the efficiency of ngw
appliances sold since 1972 by weighting sales of each product by an indicator
of efficiency.'' Some of these improvements are shown in Figure 16. The
improvements are greatest for refrigerators and freezers, smallest for electric
water heaters. In general, the improvements are impressive, although fusther
improvements are practical and economic (48).

The reductions in the average electricity consumption of the appliance
stock between 1973 and 1986 are less than the improvements in new models,
of course, because the turnover in the appliance stock is slow. Moreover, new
appliances tend 1o have more energy-intensive features than appliances being
retired (e.g. automatic icemakers in relrigerators). On the other hand, top-of-
the-line models often have more energy saving features than simpler models.
And average new freezer size declined between 1972 and 1988, while new
refrigerator size remained constant after 1978. Finally, there are uncertainties
in the estimates of in-home consumption vs laboratory consumption tests of

“Mrrhe unit consumption figures were taken from the Lawrence Berkeley Laboratory Residen-
tiad Madel (5. MacMahon. prvate communication). The estimated clectricity consumption per
houschold for lighting shows a slight decline that can be caplained by lower house occupancy
(r.e. fewer hours speat wt home) and smaller houschold size.

i the case of refrigerators, for example, this indicator is given by volume per unit of yearly
clectricity consumption.
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Figure 16 Appliance efficiency trends. Changes in efficicncy ratios. These are the shipment-
weighted efficiency factors for new clectric appliances sold in the United States between 1972
and 1987. For each appliance shown, we display the scasonal energy cificiency ratio (SEER,
cooling or heating per unit of electricity consumed) or efficiency (volume cooled per unit of

electricity consumption) of all models shipped in the United States in a given year. Source:
derived from ACEEE

new models. Thus the 12% reduction in stock-wide unit consumption that we
cite represents the combined impact of efficiency improvements and all other
factors.

What were the efficiency improvements? Relrigerator insulation, seals,
motors, and compressors were improved. Air conditioner motors, com-
pressors, and controls were upgraded. Water requirements for dish- and
clothes-washers were reduced. Sensors were added (o dryers to shut off heat
and power when the moisture in the clothes was low enough. The savings
‘were all achieved using low-cost technology (48).

There is still considerable room for reductions in appliance energy intensi-
ty. The average unit consumption of new appliances sold is well above the
levels achicved by the most efficient models, and advanced prototypes are
even more efficient. It is therefore clear that the present average new intensi-
ties do not represent the technically feasible limits of efficiency. And as many
argue, these models are also far from limits of economic feasibility (47).

Conclusions: Energy Efficiency in the Residential Sector

The development of energy use in the residential sector is shown in Figure 17.
improved energy efficiency had a clear impact on the residential sector
‘between 1973 and 1987. If only the intensity of fuel and electricity use had
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changed while fuel shares, activity, and structural parameters had remained
constant at their 1973 values, US homes would have used 6.7 EJ of fuel and
1.8 EJ of clectricity in 1987, declines of 27% and 12% respectively from 1973
valués. Put another way, reduced intensitics alone cut total primary energy
use by 21%. Alternatively, had the intensities of each end-use been frozen at
their 1973 valucs, then fuel use in 1987 would have been 10.9 EJ and

clectricity use 3.6 LJ, yiclding total primary energy use of 22.0 EJ, more than
5.7 EJ higher than actual.

Outlook

The cnergy intensity of a typical new house, heating system, or appliance is
by no measure near its theorctical or even economic minimum. Indeed,
comparison of average new clectric appliance encrgy intensity with the lowest
on the market shows a wide pap. But in some cases the rate of decline in
intensity of most new systems has slowed or stopped. It appears that insula-
tion levels in new homes built in (986 and 1987 were no better than those
instalicd in 1985. The slowdown in efficicncy improvements represents a
market slowdown, not a bottoming out of technology that is economically
attractive (49). The outlook for further decline is therefore dependent on
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Figure 17 - Residential primary cnergy use. Intensity. activity. structure cffects. Evolution of
actual and hypothetical primary cnergy usc in the residential sector. Each “cffect” is computed by
having only infensity. activity. or structure {as defincd in the text) follow its actual path while
holding the other two components at 1973 fevels.
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Figure 9 Manufacturing encrgy use. Shares by industry group.

industry group had remained constant at their 1973 values while the propor-
tion of output produced by each industry followed its historical development.
We found that structural change had no significant impacis on energy use
between 1958 and 1973. Between 1973 and 1985, however, structural change
at constant output and energy intensity would have depressed energy use by
18%, or 1.6% per year (Figure 10).

The impacts of structural change were driven largely by a decline in the
proportion of output produced in coal-intensive industries—particularly the
iron and steel sector, which alone accounts for one-third of manufacturing
coal consumption. While structural change would have reduced coal use by
33% between 1973 and 1985, the corresponding reductions in oil, gas, and
electricity use were 16%, 16%, and 10% respectively. These results suggest
that rising oil prices were not the most important factor driving structural
change. A number of analysts have suggested that a long-term reduction in
the materials intensity of the US economy that has signilicant energy implica-
tions has been under way (28). indeed, the physical production of certain
raw materials such as steel fell significantly during the 1970s and 1980s, al-
though the production of other commoditics such as plastics increased (29).
But other factors, such as macrocconomic policies that have given rise (o
high interest rates and a sticig dollar that have placed the US raw materi-
als sector at a comparative disadvantage, have also been impoptant. Over
the one-year period 1981-1982, for example, the output of the iron and
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Figure 10 Manufacturing energy use. Impacts of structural change. This shows the hypothetical
evolution of energy use in manufactusing if activity and intensities had remained constant at 1973

levels und only the value-added shares of the subsectors (structure) had followed their actual
paths.

steel sector fell by 37% during the strong recession. This change alone yielded
an energy use reduction of 1.1 EJ, or 7% of manufacturing energy use.
Struciural change had no measurable impuicts on energy use between 1985
and 1988, either in aggregate terms or on a fuel-by-fuel basis, at the level of
aggregation employed in this analysis. In recent years, raw materials produc-
tion, as measured in economic terms, has kept pace with aggregate man-
wfacturing activity. These results suggest thai the expectation that shifts in the
composition of manufacturing value-added away f{rom energy-intensive in-
dustries will lead to significant future energy savings may not be fulfilled, or
at least that the anticipated decline may not be smooth and continuous.
The rate at which manufacturing output grows over time is also an impor-
tant determinant of sectoral energy use. Real manufacturing value-added grew
at the rapid rate of 5.4% per year between 1958 and 1973 and at the slower but
still substantial rate of 2.7% per year between 1973 and 1988 (Figure 8). Thus
sectoral growth placed strong upward pressure on energy use throughout the
periad of analysis. Changes in the growth rate of manufacturing production
relative to GNP are a structural effect of particular relevance to manufactur-
ing encrgy use. But while some analysts have argued that the economic
importance of manufacturing has declined significantly over time, the data
point to a different conclusion. The fraction of real US GNP generated
by the manufacturing sector remained more or less constant at 21% in the
1970s and 1980s with only minor changes induced by business cycle
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future forces that affect the marketpluce—residential energy prices, the per-
ceived or real incremental benelit of greater clficiency, and public policy.

One important policy that will raise elficiencies is the National Appliance
Efficiency Standurds, which take effect atially for refrigerators, freezers,
water heaters, and room air conditioners in 1990, More stringent efficiency
requirements for refrigerators and freezers will take effect in 1993, and
requirements for other products are likely to be upgraded in the future as well,
California, one of the largest economies in the world, has upgraded its owan
requirements on the clficiency of houschold appliances sold in the State, too.
This type of policy circumvents consumers’, manufacturers’, and builders’
high implicit discount rates, as well as a variety of other market and nonmar-
ket barriers to more clficient energy use.

Moreover, there are a number of important energy-saving technologies that
are starting to pencirate the market 10 a significant degree (18, 49). These
include low-cmissivity glass for windows, vasily improved gas furnaces and
gas heat pumps, and electric heat-pump water heaters. As for the future of
very elficient refrigerators, freezers, and air conditioners, progress here is
clouded by uncertainties over future refrigerants (50). Finally, novel wall
constructions and building techniques, as practiced almost universally in
Sweden (51), promisce o reduce heating losses in new detached housing
markedly. A further decline in encrpy intensity shouid occur as these new
technologies are more widely disseminated, as ongoing R&D leads to ever
better technologies (such as gas-fired heat pumps), and as appliance and
building standards take effect and are improved.

SERVICE SECTOR

The energy usc of the service sector is dominated by building-related activi-
ties (52). Survey data on cnergy use, loor area, and other characteristics of
the US service sector are availuble only for 1979, 1983, and 1986 (53). From
other data (SEDS) (54), which include energy use for activities not associated
with building encerpy use, Schipper et al (52) assembled a time series of
energy use data that can be adjusted to match the 1979 and 1983 surveys. The
results tor key years are shown in Fipure 18. Delivered energy use rose from
5.3 Edin 1973 10 5.9 B} in 1979—a very cold year, then fell 1o a plateau of
5.3 £ in 1986, Primary energy use, on the other hand, rose from 8.8 4§ in
1973 10 V1.1 13 in 1986, as a result of the substitution of electricity for fuels
and turther penctration of clectricity-driven services like computers and light-
ing.

The Struciure of the Service Sector

Service sector GNP, excluding utilities, grew acarly 50%, from 1.67 trillion
dollars in 1973 10 2.50 willion in 1987 as cvaluated at 1982 prices. We take
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Figure 18 Energy use in service sector buildings by fuel type. Sources: SEDS, NBECS.

these figures as the indicators of the change in sectoral activity over the period
of the analysis. The structure of the service sector can be measured by several
quantities. The most important is floor area, which grew from an estimated
3.5 billion square meters in 1973 (52) to more than 5.4 billion square meters
in 1987 (53). This growth was only slightly faster than the growth in service
sector GNP. However, the ratio of sectoral floor area to total GNP increased
because the share of service sector GNP in overall GNP increased from 61%
0 65%.

Additionally, the mix of buildings changed slightly. According to PNL (2),
the share of office building floor space increased from 16.6% in 1972 (o
19.8% in 1986, and shares of warchouses and lodging increased slightly.
Shares of retail, food sales, and educational floor space fell, the latter
significantly, from 16.1% to 13.9%. And the geographical distribution of
buildings shifted slightly towards the South and West. According to PNL, the
mix effect increased fuel and electricity use by about 0.08 and 0.06 EJ,
respectively, while the geographical shift reduced fuel needs by 0.04 EJ but
increased electricity use by 0.02 EJ. Thus the impact of structural change, as
measured by the slight increase in the floor area per unit of service sector
GNP, changes in the mix of buildings, and geographical shifts, is very small
compared to total fuel utilization of 2.5 EJ and electricity use of 2.5 EJ in
1986. By contrast, the activity effect was significant because the service
sector GNP grew 7% more than total GNP. Yet between 1973 and 1987,
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service sector encrgy usc increased by only 5%, while primary encrgy usc
grew by 27%.

The structural change reporicd here does not include shifts in the kinds of
energy services provided in buildings, particularly those relying on clectric-
ity. The share of floor space provided with cooling, and the level of use of
computers and other communications equipment has increased markedly.
These shifts increased electricity use. Some of the wasic heat from this
electricity use reduced space heating necds in winter months but increased
cooling needs during the rest of the year. {ence a broader view suggests that
the overall impact of structural change on encrgy use in the service sector has
reduced fuel usc slightly for heating but increased electricity use significantly
for a variely of purposes.

Fuel Mix

The mix of fuels in the service sector has evolved in a manner similar to that
of the residential sector, away from oil and towards electricity. Driving the
increased share of electricity was both further electrification (i.e. morc uses of
electricity), as well as greater penetration of electric heating. Measured by the
area of buildings they heated, heating fucls chosen were predominantly oil
(22%) or gas (50%) in 1979.'* From NBECS data on heating fuels in
buildings built before 1973 we infer that the share of area heated by clectricity
grew steadily, from, approximately 7% of the entire stock in 1973 to 15% in
1979 and 21.5% in 1986, while thosc of gas or oil (and LPG) have decreased
from an estimated 87% in 1973 to 67% in 1986. Part of this shift towards
electricity as the principal heating fuel is explained by the shift of service
seclor aclivity towards warmer climates, where lower heating loads permit
electric heating to compete betier against gas or oil.

Intensity and Efficiency

Measuring changes in energy efficiency requires the disaggregation of cnergy
use into end-uses, such as space heating or cooling. But the services provided
by energy in the service sector are diverse and changing. With current data
gathering efforts, it is very difficult to break encrgy use by fuel into end uses,
and it is therefore very difficult to derive energy intensities for each purpose in
order to gauge the impact of improved cfficiency.

It is possible, however, to estimate how encrgy use per unit of floor arca
has changed. Since surveys have measured energy usc and intensity only
since 1979, comparing present-day intensitics with those from 1973 is prob-
lematic. The imprecision of the SEDS (54) data compound this problem.

NBECS (53) did not distinguish between primury':md secondary heating fucls. We took the
share of buildings using cach fucl over the sum of the shares. which was $14%.
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Nevertheless, Schipper et al (52) found a 16% decline in delivered energy use
per unit of Noor arca between 1973 and 1983; extending the data from that
report to 1986 (to comparc with NBECS) and extrapolating to 1987 yields an
overall reduction of 33%. The intensity of fucl use, including district heat, feli
49%. About half of this decline was likely caused by reductions in the

proportion of floor arca heated by fossil fucls and by the very mild winter of

1987. We can compare cnergy intensity in 1979 and 1986 by building type.
Figurc 19 shows that delivered energy per unit floor arca declined for most
building types. The same is true for fuel intensity, electric intensity, and
primary cncrgy intensity.

Most fucl is used for space heating, with a small amount of fuel used for
water heating and cooking (55). Most observers allocate as much as 80% of
fuel use to space heating. We believe, therefore, that comparing fuel (and
district heating) use to the estimated area heated by fucl provides one
mecaningful measure of cnergy intensity. By our estimate, heating intensity
lay at 940 MJ/m? in 1973, falling to 790 MJ/m? in 1979 and further to 560
Mi/m? in 1986. Even allowing for uncertaintics in weather correction, the
share of fuel used for heating, and the share of builiings with fuel heat in

1973, the magnitude of this change is a clcar indication of significant savings
of space heating fuel.

Some more precise mcasures of imtensity changes are available from
NBECS. Gas use per unit arca in buildings heated with gas, for example, was
981 MJ/m? in 1979 as compared with 555 MJ/m? in 1986. Although use of
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secondary fuels may account for part of this drop, increased efficiency is
evident. Figures {or oil heat show a similar decline. The fuel intensity of most
building types also fell betweea 1979 and 1986. Since most fuel was used for
space heat, this evidence points towards a significant savings of space heat-
ing.

Electricity is more problematic, because the oaly use found in every
building is that for lighting. Available data do not permit a comparison of
electricity use by end-use over time. Electricity intensity in buildings that heat
with electricity fell from 650 MJ/m? in 1979 10 579 M¥/m? in 1986, about the
same percentage reduction as the change in the nwmber of heating degree-
days. Thus it is difficuli to draw conclusions about the intensity of electric
heating. The same applies io cooling. On the other hand, total electricity
intensity, aggregated over all buildings, remained constant beiween 1979 and
1986. Since the penctration of electric heating, cooling, and other equipment
(e.g. computers) increased, this implies that some improvements in the
efficiency of electricity utilization must have occurred.

Combining the limited knowledge we have concerning the use of individual
fuels suggests that the reduction in fuel intensity between 1979 and 1986—
almost 37%—was caused principally by efficiency improvements, but in-
creased penetration of electric heating captured about 5% of the heated floor
area between 1979 and 1986, and the milder climate in 1986 alone allowed a
reduction in heating needs of about 10%. The remaining decline, approx-
imately 25%, can be ascribed to saved fuel for space and water heating.

The PNL analysis (2) attempted to quantify the factors that caused intensity
to fall. Although it found more than 80% of its “conservation” effect un-
explained, it judged that factors other than improvements in building shells
accounted for much of the savings. Building shell retrofits accounted for 7%
of the savings, and the high efficiency of new buildings relative to the existing
building stock for an additional 8.5%. The location of more buildings in
warmer climates had u minor effect. A shift in building type also contributed
to the decline in fuel use. PNL, on the other hand, omitted explicit reference
to the shift towards electricity as a primary and secondary heating source. Our
estimate of the share of electric heating in 1973, 7%, implies a loss of more
than 14 poiats in the share of fossil-fuel heating, which by 1986 should have
reduced fossil fuel intensity over all buiidings by nearly 10%, accounting for
part of PNL’s unexplained residual. We estimate that whereas only 0.1 £l of
electricity was used for heating in 1973, the figure increased to .32 Ef in
1986; cooling electricity use increased from 0.27 E} in 1973 10 0.42 Ef in
1986.

Conclusion: Energy Efficiency in the Service Sector

How much energy was saved in the service sector between 1973 and 19877
We showed that relative 10 overall GNP, service sector GNP and total
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building area increased slightly, increasing sectoral energy use. Fuel shifts
reduced fuel needs but increased needs for electricity. Although our figures
are rough, we believe that a 40% decline in fuel heating intensity and an 18%
decline in electric heating intensity took place. These improvements yielded
savings of approximately 1.5 EJ of fuel and 0.07 EJ of electricity, as
compared with actual utilization of 2.16 EJ and 0.33 EJ, respectively. Final-
ly, the increased share of electric heating raised electricity use by approx-
imately 0.15 EJ but reduced fossil fuel use by roughly 0.6 EJ.

Outlook

A number of studies (18, 49, 55, 56) suggest that the intensity of virtually any
new system or energy service can vary considerably. New lighting systems,
supported by specular reflectors, electronic ballasts, and judicious use of
daylighting, have reduced electricity intensity for lighting by 50-75% in some
commercial buildings (55). Low-emissivity glass can reduce heat losses or
gains significantly, yet allow for maximum use of daylight to reduce antificial
lighting loads as well. Variable speed/volume space-conditioning systems
offer reductions in power for motors and compressors without reducing
comfort; air-to-air heat-exchangers allow for higher indoor air quality with
substantial heat-loss reductions. Interestingly enough, the trend towards des-
ignated smoking areas could also lead to a reduction in veatilation needs, as
smoke-free areas require far fewer air exchanges than areas where smoking
takes place.

National surveys as well as information from equipment manufacturers
indicate that various energy-saving technologies are starting to be adopted on
a large scale. For example, the national survey of commercial buildings
conducted by the US Department of Energy showed that high-efficiency
ballasts had been implemented in 42% of new commercial floor space,
delamping programs had been implemented in 21% of commercial floor
space, and energy management and control systems had been implemented in
19% of commercial {loor space as of 1986 (53). These and other technological
improvements contributed to the decline in energy use per unit of floor area
during 1973-1986.

Continuing technological improvements in lighting, space conditioning,
and other end-uses will limit future growth in energy use in the service sector.
These improvements are being stimulated by market forces as well as govern-
ment and wlility programs. For example, the federal government adopted
minimum efficiency standards for new tluorescent lighting ballasts. These
standards, which took effect January 1, 1990, are expected by the year 2000
to reduce electricity utilization in commercial buildings by around 0.1 El/yr
(equivalent to 4% of electricity use in commercial buildings in 1988 (57).
Minimum efficiency standards for fluorescent and incandescent lamps are
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being adopted in Massachuseits (58), and lamyp cfficicncy standards are under
consideration in other states as well as at the federal level.

in 1989, the US Department of Energy issued minimum efficiency stan-
dards for new commercial buildings (59). These standards arc mandatory for
federally owned buildings but voluntary for the private scclor. States that
follow these guidelines by revising their building codes could significantly
reduce energy use in the services sector over the long run. For example,
models suggest that new office buildings mecting thesc standards would usc
15-30% less primary energy than buildings complying with standards widely
adopted in the early 1980s (55).

Concerning utility programs, many utilities provide financial incentives
such as rebates to stimulate the adoption of energy-efficient technologies in
the service sector. A few utilities even install encrgy-efficiency measures at
their own expense on the premises of their customers. The most cifective
ulility programs are reaching 70% or more of cligible customers and are
reducing electricity use by 10-30%, although most utility programs are not
nearly this successful (60). The overall impact of utility energy-efficiency
programs is expected to grow as more utilities implement fuli-scale programs,
programs are improved, and the goal of “least-cost energy services” spreads
throughout the utility industry. .

One technological trend—the proliferation of electronic office equip-
ment—could significantly increase future energy use in the services sector.
Saturation of personal computers, printers, copiers, fax machines, eic is
expected to continue growing during the 1990s. One study estimates that
without efficiency improvements, total electricity use by office electronic
equipment could climb by 160-360% between 1988 and 1995 (61). However,
full use of today’s most efficient hardware could potentially eliminate all of
this electricity demand growth. Thus, with uncertainty regarding both the rate
of growth and the efficiency of new electronic equipment, it is difficult to
predict future energy use in the services sector.

CONCLUSIONS AND DISCUSSION
The Impacts of Improved Efficiency

Figure 20 shows the evolution of primary energy use from 1973 to 1987 (sce

also Table 1). We give actual primary energy use measured for the sectors we
have considered,"? and the three hypothetical levels of primary energy use

*We omit consideration of the residual between total primary energy use as reporied by DOE
(5) and the primary energy used in the scctors considered in this analysis. It is unlikely that the

evolution of the residual between our figures and those given by DOE—from 12.6 E} in 1973 to
approximately 11.6 EJ in 1987—has an important impact on our results.
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that would obtain il only encrgy intensitics, only scctoral activity levels, or
only intrascctoral structure had changed over time while the other two fac(f)rs
were held constant at their base-year (1973) values. The impact of changing
cnergy intensity is almost cqual and opposite to that of activity, while
structural change led to modest increascs in energy usc. Thus reduced energy
intensities had a major impact on US primary cncrgy use.

Figure 21 summarizes the impacts of structural changes on US.encrgy use
by scctor between 1973 and 1987. All figures arc indexed relallyc to their
1973 values. It can be scen that only in the service and manufacturing sectors
did sectoral activity grow more rapidly than GNP. Intrascctoral structural
change, on the other hand, placed substantial upward pressure on residential
encrgy use; had relatively small effects in the service, freight, and passenger
transport sectors; and yiclded significant energy savings in manufacturing.
Taken together, the impacts of changes in both activity and structure eaned a
small upward influence on cnergy use relative to GNP in the residential and
service sectors and a small downward influence in the (reight, passenger
transportation, and manufacturing sectors. In the aggregate, increased ac'livi(y
levels and structural change would have increased delivered and primary
encrgy usc by 35%. Actual energy usc, on the other hand, decreased by ?% in
terms of delivered cnergy, and increased by only 6% in terms of primary

EJ/Yr
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80}
-1 80
sop . — Aclual, this study
-8~ Varying intensity
70: = Varying Volume
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Figure 20 Primary cncrgy usc. Evolution of actual and hypothetical energy us.c in the five-
sector agpregate. Each “effect™ is computed by having only intensitics. activity levels, or
structure (as defined in the specific sectors) follow its actual path while holding the other two
componenis constant at 1973 levels. Definitions of these components are given in !hc lcspcclli.vc
chapters. Fuel and clectricity figures from cach activity scctor are summed counting electricity
being at 11,500 Bru or 12616 kJ per kWh to account for conversion losses. Sources: DOE. LBL
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Figure 21 Changes in delivered energy use since 1973 Activity and structure effects. Hypothe-
lu-‘-uI 1973-1987 changes i encrgy use if only sectorul activity leved per unit of GNP tactivity
c.llccu or the composition of activities as defined in the respective sectors (struciure eftect) had
followed their actual paths while att other factors had remained constant w1973 levels. The net

clieet captures the combined impact of changes in the mix and level of activities in cach seclor
relative o GNP

energy. In cither case, the divergence between the two seis of ligures is an
indication of the substantial impacts of improved clficiency on US energy
use.

Which sectors showed the greatest reductions in caergy intensity”? Figure
22 shows how structure-adjusted energy intensity, in terms of both delivered
and primary encrgy, evolved over time in cach end-use sector. The declines
varied from 31% in manufacturing to 20% in passenger transportation t0 4.5%
for freight. (In primary terms, the percentage declines were less except for
transport, where they were the same.) These declines together point 10 a
reduction in aggregate eacrgy intensity between 1973 and 1987 of the sectors
considered in this report of 24% in terms of delivered energy or 21% in terms
of primary encrgy. These improvements correspond to net savings of 16.5 13
ol delivered encrpy and 9.7 £ of primary encrgy at 1987 activity levels.
That delivered energy intensity fell more than primary reflects the fact that
fucl intensity fell by 26% while electricity intensity fell by only 8%.

. We can also highlight the activitics where the most unambiguous efficiency
improvemeats occurred: passenges air travel energy intensity declined by
ncarly 50%, residential and services space heating intensity by about 35%,
and manufacturing fucl intensity by abowt 34%. Automobile and light truck
vehicle fuel intensity fell by 28%, but talling load factors offset this unprove-
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Figure 22 Changes in delivered energy use since 1973, Energy intensity effect. Hypothetical
1973-1987 changes in primary and delivered encrgy use it only energy intensities had followed
their actual paths while sectoral activity levels and structure had remained at 1973 levels.

ment in travel efficiency. The intensity of electric appliances declined by
some 12%.

Several factors served to increase energy demand, thereby offsetting in part
the impact of these improvements. Truck freight intensity increased, in pan
because of the rise in short-haul light trucking. Changes in the modal mix of
passenger transportation raised energy use slightly. Heated residential floor
area, and the number of appliances per household, increased. Changes in the
kinds of services offered in commercial buildings, particularly those using
clectricity, raised encrgy use. Structural change in the manufacturing sector,
on the other hand, led 10 reductions in the production of energy-intensive bulk
materials relative to other products.

Since the enerpy/GNP ratio is sensitive to all factors affecting energy use,
not just those that are conceptually related to energy efficiency, il is a
misleading efliciency indicator to the extent that structure and activity have
important effects. On balance, structural change and growth in sectoral
activity levels served to raise the level of energy use. But the growth in energy
use induced by these factors was smaller than the increase in GNP, so that
changes in the level and structure of sectoral activities led to net reductions in
the energy/GNP ratio over the period of analysis. The reduction in the primary
energy/GNP ratio between 1973 and 1987 therefore overstates the efficiency
unprovement that occuired over the period, perhaps by as much as one-fourth
of the wotal reduction in the ratio.
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The Efficiency Slowdown

Figures 20 and 22 show that improved energy efficiency had a considerable
impact on total US primary energy use. Data from the last several ycars,
however, suggest that the rate of efficicncy improvement implied by our
sectoral analyses may be slowing down or even coming to a halt. The drop in
world ojl prices in 1986 has begun to have an impact on energy intensities.
The energy intensities of some classes of energy-using equipment, such as
new automobiles, are no longer decreasing over time. In some applications,
energy intensity is even increasing.

In the residential sector, primary and useful energy use per household
declined through 1983 but have increased in more recent years. lHeating
intensity, which had fallen by 4.5% per year through 1983, fell by less than
1% per year between 1983 and 1987. Adjusted for structural change, primary
energy intensity also fell more rapidly before 1983 than thereafter. By con-
trast, the rate of decline in appliance energy intensity increased after 1982,
and should continue to fall because new appliances are more efficient than
older ones.

In the service sector, the decline in fuel heating follows the same pattern as
space heating in homes, while the increase in nonheating electricity intensity
before 1983 tumed to a decline after that time. Structure-adjusted primary
energy intensity in services thus falls more rapidly after 1983 than before,
although the decline appears to bottom-out after 1985. These observations
suggest that efficiency increases in buildings have slowed, although the
impact of more efficient electricity use is delayed as the impact of new
equipment is still being felt in the stock.

The transportation sector shows an intensity plateau, too. The specific fuel
utilization of personal vehicles fell more rapidly before 1983 than in more
recent years. This is due to the rapid growth in light trucks during the late
1970s and early 1980s as well as the relaxation of federal fuel-economy
standards in recent years. The combined fuel intensity of new cars and light
trucks fell by 6.2% per year before 1983 but by only 1.3% per year thereafter.
Passenger energy intensities as measured in MJ/passenger-km fell less rapidly
because of the decline in load factors. Air passenger intensity fell more
rapidly before 1983 than from 1983 to 1985, but the decline accelerated again
after 1985. Significantly, the improvement in air and automobile passenger
fuel intensities was most rapid during the period of rapid activity growth. This
makes sense: growth in activity implies investment in newer, more efficient
vehicles and higher load factors on planes. Together, these effects lower the
average passenger intensity of the transportation sector. For freight, all
indicators point to more rapid progress before 1983 than thereafter; the ORNL

data, for example, show that no substantial improvements in truck fuel
economy have been achieved since 1982.
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in the manufacturing sector, on the other hand, there is less evidence of
a slowdown in efficiency improvements. As in passenger transportation,
manufacturing energy intensity is strongly dependent on changes in sec-
toral activity. Energy intensity, adjusted for structural change, increased at
annual rates of 0.3% and 2.2% during the recession years 1980 and 1982.
But in years with strong sectoral growth, energy intensity has fallen very
rapidly. Between 1983 and 1985, for example, energy intensity fell at an
average rate of 6.2% per year—more than (wice the long-term average an-
nual rate of 2.7%. These fluctuations are presumably caused by two factors.
First, decreased capacity utilization during recessions leads to the ineffi-
cient use of energy inputs. Second, sectoral growth permits investment
in new, relatively efficient technology. The response of manufacturing ener-
gy intensity to the drop in energy prices in 1986 is difficult to gauge in
the absence of manufacturing energy use data past 1985. As we noted
above, the aggregate energy intensity of the industrial sector, which is
dominated largely by manufacturing, decreased by 2.9% between 1985 and
1986 but remained almost constant between 1986 and 1987. But energy-
intensity statistics from the iron and steel, paper and pulp, and chemicals
sectors indicate continuing reductions in energy intensity of 1.7 to 4.1%
per year.

When we assemble a picture from each sector, the results are rather
surprising. Structure-adjusted energy intensity fell by 2.35% per year after
1983, but only 1.8% before. For primary energy intensity, the figures are
2.0% and 1.5%. Significantly, however, intensity fell by only 1.7 and 1.5%
between 1985 and 1987. Thus the overall impact of energy-efficiency im-
provements was most rapid between 1983 and 1985, a period of economic
recovery and flat or declining real energy prices.

We have not discussed cnergy prices in detail in this review. It is worth
noting that between 1973 and 1983, real prices for natural gas grew at average
rates of 7.4% and 13.1% per year in the residential and industrial sectors,
respeclively, electricity prices grew by 2.3% per year in the residential sector
and 5.7% per year in the industrial sector (5); and regular gasoline prices rose
at an average rate of 8.6% per year. Between 1983 and 1987, however, all of
these prices declined in real terms. Residential heating oil prices behaved
similarly. That real prices were declining when intensity was falling the most
rapidly seems counterintuitive. Yet we have suggested that time lags in the
system, as well as the poor state of the economy in the early 1980s, retarded
the replacement of inefficient equipment, and likely slowed investment to
improve existing equipment as well. The effect of this improvement was
swamped, however, by the dramatic crash in prices after 1986, although it is
too carly to judge the more long-term effects.
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Implications for Fuiure Energy Use

Are the energy savings that have been achieved over the past 15 years
permanent? The rapid savings in space heating through 1983 may have been
bolstered by shori-term sacrifices that could wear off with lower prices. But
the savings that accumulated after 1983 were likely achieved through tech-
nical improvements that are unlikely te be reversed in the near-term future.
Savings in electricity use in the service sector also appear to be tech-
nologically based, and therefore not easily reversible. Savings in personal
vehicles were almost totally due to technology, not reduced driving distances.
Even if new-car fuel economy remains stable at its present value (27 to 28
mpg nominal, 22 1o 23 mpg actual), it still lies 20% above the on-road fleet
average. The savings in manufacturing may represent only the extension of a
long-term trend, and therefore might be considered permanent.

At the same time, we must not overlook the implications of the slowdown
in energy-efficiency improvements, which has appeared primarily in those
sectors dominated by consumers: driving and household energy use, and
services. Similarly, the rapid growth in the activity levels of the service and
passenger transport sectors must be borne in mind. As Schipper et al (42)
suggest, increases in free time could drive up energy uses for thes purposes,
as well as for the private vehicle travel associated with out-of-home services.
That is, a combination of the slackened improvement in efficiency indicated
by the slowdown and continued growth in the volume of key end-uses—
structural change—could propel energy uses upward once again.

A return to growth could pose significant policy problems in light of
scientific concern over the role of fossil fuel combustion in global climate
change (62). If efficiency improvements slow down while structural change
increases energy demand further, then policy makers will have to work harder
to restrain the emissions that result. If increased demand takes up the slack in
world oil markets, the world's economies may see a repeat of the roller
coaster of the 1970s and 1980s. Technological progress fostering a return to
improved energy efficiency might head off one or both of these possible
dilemmas. As Carlsmith et al (18) and Hirst (49) point out, the technical,
economic, and policy opportunities are enormous. But as Schipper (63)
warned, policies may have caused only a small increment in the total savings
in the industrialized countries through 1985. Achieving the potential savings
documented in the literature through the implementation of appropriate poli-
cies will be the challenge of the 1990s and beyond.

NOTE ADDED IN PROOF Preliminary analysis of yet unpublished data for
1988 indicates that luel intensity, adjusted for structural change, fell by 6.0%
(2.0% per year) between 1985 and 1988, electricity intensity fell by 10.8%
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(3.8% per year); and total energy intensity fell by 6.6% (2.3% per year).
These results generally confirm the approximations used in this section.
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