





SUMMARY

Because of ongoing structural shifts to less energy-intensive
activities in the US economy and opportunities to make more efficient
use of energy, it is technically and economically feasible to reduce per
capita energ use by a factor of two or more, 1980-2020, along with a 50 to
100% increase in per capita GNP in this period.

Pursuit of such a course woulld free up for other activities economic
resources that are now directed to the energy system and would provide
considerable flexibility in planning energy supplies. With low future
energy demand not all energy supply options need to be pushed to their
limits, and it becomes possible to avoid overdependence on the more
troublesome sources.

The energ future described here is radically different from most
forecasts of the US energy future and woulld probably not come about without
new public policy initiatives. But the pace of changes needed, beyond what
would probably be achieved via market forces alone, woulld appear to be
quite doable. It is unlikely that radical, unprecedented institutional
changes would be needed. Rather what woulld be required is the coordinated

use of familiar policy instruments.
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INTRODUCTION

It would seem that the US energy problem has been solved. The world
is awash in 0il, and the world oil price* (in 1982 $) has tumbled from its
peak value of $42 per barrel in early 1981 to less than $27 in late 1984
(see Figure 1). Moreover, barring a major crisis in the Middle East, the
outlook for the near term, at least, is for an even further decline. Gas
supplies are abundant. In most parts of the country there is excess
electrical generating capacity. Conservation efforts have been remarkably
successful; in 1983 per capita US energy use was 14% less than in 1973,
even though per capita GNP was 11% higher (see Figure 2), correponding to
an average annual rate of reduction in the energy intensity of the US
economy of 2.5% per year in this period. But these auspicious indicators
belie a serious long term energy problem.

The High Cost of Energy

Despite the softening of the world oil price, retail consumer energy
prices are high in relation to pre-energy crisis levels. In 1981 US
consumers spent $457 billion or 15 1/2 percent of GNP on essentially the
same amount of energy which in 1972 cost 8 1/2 percent of GNP,
corresponding to a 2.3-fold increase in the retail price of energy,
averaged over all energy forms and corrected for the effects of inflation
(Energy Information Administration, June 1984). And while oil prices have
been declining since 1981, the prices of electricity and natural gas have
continued to climb.

Even though the price of fuel o0il paid by electric utilities decreased

¥ Here the world oil price is measured as the refiner acquisition cost of
imported oil.



22% and the use of fuel oil to generate electricity declined 31%, 1981 to
1983, the average retail price of electricity increased 6% in this period
to a level nearly 60% higher in real terms than in 1972 (see Figure 3).

The price of electricity continues to rise because the savings from reduced
0il costs are being more than offset by the high cost of producing
electricity from new coal and nuclear power plants that are coming on line.

The average natural gas price rose 27% in real terms, 1981 to 1983, to
a level 3.3 times the average price in 1972, in real terms (see Figure 4),
as the process of decontrolling natural gas prices set in motion by the
Natural Gas Policy Act of 1978 continued.

The energy price hikes of the last decade have had a harder impact on
some consumer groups than others. The poor and the energy-intensive basic
materials processing industries have been the most severely affected.

Per capita consumption of gasoline and household fuel and electricity
for the poorest 1/8 of US households was nearly 9/10 of that for the
average US household in 1980, even though per capita income was only 1/5 as
large (1, 2). As a consequence, the poorest 1/8 of all households spent
39% of income on fuel and electricity for the home and on gasoline in 1980,
compared to 9% for the average US household.

On a per capita basis the poor actually use more energy to heat their
homes than Americans in any other income category (see Figure 5). This
startling fact, which confounds the conventional wisdom that energy use
increases with affluence, arises because the homes of the poor tend to be
older, less well-insulated buildings with inefficent heating systems.
Moreover, while many better-off Americans have been able to add insulation

and storm windows and install more efficient heating equipment in the



aftermath of the energy price shocks of the 1970s, such investments are
usually beyond the reach of the poor, whose scarce dollars are required to
meet more immediate needs.

Similarly, while the automobile is a necessity for many poor
households, owing to the dispersion of workplaces, shopping centers, and
residential areas in the US, the poor typically have been unable to adjust
to the high gasoline prices brought on by the oil price shocks, but instead
have had to make do with driving the discarded behemoths of the more
affluent.

Because the cost of delivering a unit of energy from where it is
produced to industrial consumers tends to be much less than for other
consumer classes, the relative energy price increases experienced by
industrial consumers have been much higher than for other consumers.
Between 1972 and 1981 the average price of final energy increased in real
terms 3.3-fold, compared to a doubling of the energy price in the
residential and transport sectors (Energy Information Administration, June
1984), Between 1972 and 1983 electricity prices doubled (see Figure 3) and
natural gas prices increased 4.5-fold (see Figure U4) in real terms for the
industrial sector. Within the industrial sector such price increases have
had the most severe impact on the energy-intensive basic materials
processing industries. One measure of the sensitivity to rising energy
prices is the ratio of energy costs to value-added, which in 1980 ranged
from 15 to 76 percent for the various basic materials processing
industries, compared to an average of 3 percent for other manufacturing

industries (M.H. Ross, 1984).



Producing new energy supplies is also diverting capital resources from
other productive activities. For a variety of reasons (e.g., because of
the need to recover oil from lower qualilty feedstocks and to recover oil
and gas from reservoirs that are ever more difficult to exploit, and
because of quality control problems and toughening environmental
regulations for new power plants), far more capital is required to bring on
line new energy production capacity today than a decade ago. Between 1972
and 1982 the amount of capital committed to energy supply expansion in the
US increased (in 1982 $) from $64 to $125 billion, or from 26 to 40% of
total new plant and equipment expenditures [see Figure 6 and (3)], for
essentially no net increase in energy production in this period. The high
demand for capital by the energy supply industry compounds the problem of
capital scarcity that is envisaged for the years ahead because of the high
federal budget deficit.

The Outlook for 0il and Gas:

Unless the demand for oil is significantly reduced, in the US and
other 0il importing industrialized market economies as well, the prospect
is that the o0il glut will vanish in a few years and the world oil price
will rise once again. This Jjudgment arises from the facts that:

o The estimated remaining ultimately recoverable oil resources of
the US probably amount to only about a 25 year supply at the
present rate of oil use, which is in sharp contrast to the global
situation, where it is generally believed that some 2 trillion

barrels or a 100 year supply remains to be recovered (4).

o About half the oil left in the world outside of the
centrally planned economies is in the Middle East region (5).

Thus unless 0il use decreases significantly, US oil imports can be expected
to increase in the years ahead, thereby increasing US dependence on the

Middle East. A similar situation can be expected in W. Europe, as North



Sea 0il is a relatively tiny resource on a global scale (5). More heavy
dependence on the Middle East would lead once again to a shift of world oil
power from the consumers to the producers. Taking historical experience as
a guide, this could mean once again significant world oil price increases
(see Figure 7).

Remaining US supplies of natural gas are also far less in relation to
current consumption than for the world as a whole, although there appears
to be much more uncertainty about how much gas is left (4).

Even if a significant synthetic fuels industry could be established to
make up for the expected shortfalls from domestical petroleum and natural
gas production, much higher liquid and gaseous fuel prices can be expected,
as these synthetic fuels will probably be much more costly than petroleum
and natural gas at present. Moreover, synthetic fuels production poses a
range of enviromental problems that may be difficult to resolve.

The Outlook for Electricity

The production of electricity via coal or nuclear power plants is not
energy supply-limited. The US has vast coal resources, and the fuel costs
for nuclear power would be a small fraction of the cost of electric power
production for many decades -- even with a high level of nuclear power
development and without recycling plutonium from spent reactor fuel or the
introduction of plutonium breeder reactors (H.A. Feiveson, F. von Hippel,
and R.H.Williams, 1979).

The problem with electricity is not fuel scarcity but high capital
cost. Even with optimistic assumptions about capital costs, the cost of
electricity delivered to consumers from new coal or nuclear plants would be

about 1/3 more costly than the the average electricity price in 1982 (6).



For nuclear power plants being built now, the costs in most instances will
be considerably higher than is indicated by this estimate, which is based
on an installed capital cost of some $1800 per kW (in 1982 $). While this
is much higher than the $360 per kW (in 1982$) of the Turkey Point 3
nuclear power plant which went into commercial operation in 1972, during
the heyday of the nuclear power industry, the average installed cost for
most plants now under construction is in excess of $2300 per kW (7,8).

Both unfavorable economics and low public acceptability limit the
future of nuclear power in the US. There have no reactor orders since
1978; by the end of 1983 there had been a total of 106 cancellations of
power plant construction projects; and the prospects for recovery of the
industry, in the near term at least, are poor (Energy Information
Administration, May 1984).

Coal-based electric power generation is also costly, owing to
increasing environmental constraints -- constraints which are not likely
to be eased, in light of the growing concern about the damage from acid
rain to lakes and perhaps also forests.

Future Energy Demand and Supply: the Conventional Wisdom

The dramatic changes in the economic climate for energy supply over
the last decade have led to continuing reductions of the estimated future
demand for energy (see Figure 8). Nevertheless government and industry
still project increases in future energy demand that are large in an
absolute sense, even if small in relation to forecasts that were made in
the past.

For example, in 1983 the USDOE projected that in the period 1980-2010

primary energy use in the US would increase by 45 to 53%, with most of



the increment coming from coal (up 1.8-fold to 2.5-fold) and nuclear energy
(up 3.3-fold to U4.3-fold). The projection involves an increase in the
world oil price to the range $55 to $110 per barrel by 2010, and a 1.7-fold
to 2.6-fold increase in the average final energy price, 1980-2010 (Energy
Information Administration, October 1983).

Such supply-oriented energy futures are not only very costly but also
would exacerbate already serious global problems associated with energy
production and use. The enormous US appetite for o0il, which led to net
imports in 1979 of 8 million barrels per day (1/3 more than the imports of
all oil-importing developing countries), was a major factor contributing to
the tight world oil conditions that made possible the world oil price shock
in the aftermath of the Iranian revolution. And accounting for more than
1/4 of global fossil fuel use, the US is a major contributor to the
atmospheric build-up of carbon dioxide from the burning of fossil fuels ==
a build-up which would lead to major climatic changes in just a few decades
time with expanded global use of fossil fuels. And finally, with a per
capita primary energy use level that is already 2 1/2 times that for
Western Europe and Japan and 10 times that for developing countries, the US
sets a global standard for energy use that would be difficult to achieve
for the majority of the world's population.

But energy supply expansion is not a necessary condition for the
achievement of economic goals and in fact runs counter to the experience of
the last decade, when energy consumption actually declined in the face of
continued economic growth (see Figure 2). In this paper the possibilities
for further uncoupling energy and economic growth in the US are explored,

taking into account both structural shifts (see STRUCTURAL SHIFTS) and



cost-effective opportunities for making more efficient use of energy (see
OPPORTUNITIES FOR ENERGY PRODUCTIVITY IMPROVEMENT). Then an energy demand
and supply scenario for the US in the long term is presented (see AN ENERGY
SCENARIO FOR THE LONG TERM), based on the principal findings of this energy
"end-use" analysis. The resulting "low energy future" is then compared to
other energy projections which attempted to estimate the potential for
energy demand reduction via investments in energy efficiency improvements
(see COMPARISON WITH OTHER STUDIES). Finally, public policy issues
associated with bringing about a low energy future such as the one
described here are discussed briefly (see IMPLEMENTATION).
STRUCTURAL SHIFTS

The mix of economic activities contributing to GNP can be expected
to differ markedly in the future from what it has been in the past, as the
US continues the ongoing transition to a post-industrial economy -- a
transition characterized by structural shifts which have major implications
for the future of energy demand. These structural shifts appear to be
driven by the approach to saturation in consumption levels for a wide range
of energy-intensive activities. This saturation phenomenon is reflected in
both the continuing shift from goods production to services production,
and, within the goods-producing sector, the shift from basic materials
processing to production involving emphasis on fabrication and finishing.
Both of these shifts are in the direction of less energy demand per dollar
of value added.

The Growing Importance of Services

The shift to services (e.g. finance, insurance, education,

communications, and marketing, information, medical and recreational



services) has been going on for decades, as is evident from the long term
trends in employment (see Figure 9). The shift to services is also
reflected in the slower growth of goods production. The output of the
goods-producing sector [measured by gross product originating (GPO), or
value-added] grew just 0.83 times as fast as GNP in the period 1970 to 1980
for the US (14).

The Growing Importance of Fabrication and Finishing

Within the goods-producing sector there is a continuing shift away
from the energy-intensive processing of basic materials toward fabrication
and finishing activities =-- processes which involve much less inputs of
energy per dollar value-added than the processing of basic materials (see
Figure 10).

The industrial sector can be disaggregated into: mining, agriculture,
and construction (MAC), the basic materials processing (BMP) subsector of
manufacturing, and "other" manufacturing (OMFG). In 1978, these sectors
accounted for about 25%, 25%, and 50% of industrial output; for 15%, 73%,
and 11% of final energy use in industry; and required 3, 14, and 1 units of
energy per dollar of output, respectively. Thus while the OMFG subsector
of manufacturing, which involves the fabrication and finishing of basic
materials, is economically very important, the BMP subsector of
manufacturing dominates industrial energy use.

Shifts in output among these sectors toward less materials-intensive
activities have been pronounced (see Figure 11). In the 1970s the rate of
growth of industrial output (GPO) for fabrication and finishing activities
(OMFG) was 4.3% per year on average, compared to 3.0% per year for the BMP

subsector and 1.2% per year for MAC.



There is strong evidence that the shift towards fabrication and
finishing is associated with saturation in the use of materials (e.g., a
cessation of growth in per capita consumption), as indicated in a recent
analysis of the long-term history and future outlook for a representative
sampling of basic materials in the US (see Figure 12) and some other
industrialized market economies (E.D. Larson, R.H. Williams, and D.
Bienkowski, 1984). For both traditional materials (steel, cement, paper)
and modern materials (aluminum, ethylene, ammonia, chlorine) per capita
consumption stopped growing in the US in the 1970s and in most cases
-actually began to decline. These trends appear to be due to a combination
of factors including more efficient use of materials in providing
essentially the same materials services, materials substitution, and market
saturation. In all cases, the outlook for volume growth in consumption was
found to be poor, in large part because of market saturation. Only markets
for high value-added, specialty products appear to be promising. On
balance, it is unclear at this time whether such growth will be adequate to
offset the ongoing declines in markets for high-volume bulk products, but
the evidence for at least saturation is strong.

Shifts to fabrication and finishing, which typically require an order
of magnitude less energy per unit of output than the processing of basic
materials, can have a profound effect on industrial energy use. For the US,
such shifts accounted for an annual rate of decline in industrial energy
use of 1.0 percent per year, 1973-1982*, relative to the situation where

there would have been no such shifts (R.C. Marlay, 1984), while in the same

¥ Energy efficiency improvements contributed another 1.2 percent annual
rate of decline in industrial energy use.
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period industrial output (GPO) increased at an annual average rate of 1.5
percent per year.

The trends toward reduced materials intensity (and hence usually
energy intensity) began well before the onset of the energy crises of the
1970s. These trends can be expected not only to continue but perhaps also
to accelerate, as a response to the sharp increases in energy prices that
have taken place. This response may be complemented by the increased use
of technologies that make much more efficient use of energy supplies in
providing energy services.

OPPORTUNITIES FOR ENERGY PRODUCTIVITY IMPROVEMENT

The energy price increases of the 1970s have led to the
commercialization of energy-using technologies that are much more energy-
efficient than those now in wide use and to major R&D efforts that can lead
to even more efficient technologies in years to come. Opportunities exist
for large improvements in energy productivity for all major energy-
intensive activities -- space conditioning, lighting, and major household
appliances; automobile, air, and truck transport; and the production of
basic materials. The possibilities are illustrated here with examples from
each energy-using sector.

Residential Buildings

SPACE HEATING Accounting for 60 percent of final energy use in residential
buildings (see Table 1), space heating warrants focussed attention, and

indeed has been the focus of ongoing residential energy conservation programs.
There are two major routes to increase energy productivity for space

heating: improvements in the building shell and in the heating equipment.

Shell improvements: Large improvements in the energy performance of the
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building shell are possible for both new construction and existing housing.

Table 2 lists the energy performance of various groups of new houses
that incorporate major energy saving features, such as high levels of
insulation in walls and ceilings, double or triple glazing, and low natural
air infiltration rates.* It is seen that typical new houses require
about 1/3 less heat from the heating system than houses in the existing
building stock, and field measurements have shown that some of the better
new houses being built [e.g., the 97 energy-efficient houses built under
the auspices of the Energy Effient Housing Demonstration Program (EEHDP),
sponsored by the Minnesota Housing Finance Agency] require only about half
as much heat as typical new houses. Moreover, model calculations indicate
that some new super-insulated houses being built via modular construction
techniques (e.g., the Northern Energy Home being sold in New England)
require an order of magnitude less heat than houses in the existing housing
stock. Nearly all of the heat required to keep comfortable in such houses
would be provided by the heat given off from appliances and occupants and
by the sunlight coming in the windows.

While one would expect the very energy efficient houses to be very
expensive, there is a growing body of evidence suggesting that the net
extra cost of a very energy efficient house may not be very large in
comparison to the cost of a conventional house, because of synergisms
whereby the added costs of making the building shell thermally tighter may

be offset by savings for other materials and equipment (R.H. Williams, G.S.

¥ Houses with low air infiltration rates may require forced ventilation
to maintain indoor air quality. However, with forced ventilation it is
feasible to use air-to-air heat exchangers to transfer heat from the stale
exhaust air to incoming fresh air.
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Dutt, and H.S. Geller, 1984). For example, a practice that has been
adopted by many builders of super-insulated houses is to use rigid foam
insulating sheathing material as a substitute for regular plywood sheathing
(plus bracing of the framing to maintain racking strength). For super-
insulated houses that are not too large, the heat distribution system can
be eliminated entirely in all but the coldest climates; an appropriately
situated wall-mounted space heater (A. Wade, 1982) would be adequate and is
likely to result in less internal temperature variation than that found in
ordinary houses with conventional heating systems.

Because the building stock turns over so slowly, energy use for space
heating will be dominated by existing buildings for decades. Although the
opportunities in retrofitting these buildings are not as large as for new
construction, a great deal can still be done.

In New Jersey, the gas utility-based Modular Retrofit Experiment (MRE)
demonstrated state-of-the-art possibilities for exploiting low-cost
unconventional opportunities that are identified via sophisticated
diagnostic equipment (G.S. Dutt, M. Lavine, B. Levi, and R.H. Socolow,
1982). In the MRE, the measured savings associated with the one day, two-
person ("house doctor") visit averaged 19% of the gas use associated with
space heating. Subsequently, more conventional shell modification
retrofits raised the average fuel savings to 30%, for an average total
investment of about $1300; the associated real internal rate of return in
fuel savings was nearly 20%, for an assumed lifecycle gas price of $8 per
GJ (the heating oil price in 1982) (R.H. Williams, G.S. Dutt, and H.S.
Geller, 1984).

Energy conversion equipment: The last several years have shown that the

13



efficiencies of space heating equipment can be much improved (R.H.
Williams, G.S. Dutt, and H.S. Geller, 1984). For gas furnaces conversion
efficiencies have increased from an average of about 60% for furnaces in
the existing stock, to an average of about 69% for new units sold in 1980,
and to more than 90% for new "condensing furnaces", so-called because the
improved performance involves extracting heat from flue gases past the
point where the water vapor condenses out . Recently heat pumps
characterized by seasonal average coefficients of performance (COP) up to
2.6 for air-to-air units have become available on the market. For
comparison the average COP of heat pumps in the existing US stock is 1.7
and that of resistive electric heating units is 1 or less.

TOTAL RESIDENTIAL FINAL ENERGY USE  An indication of the overall
potential for energy savings is given in Table 3, which shows per capita
final residential energy use, first for the average household and second
for a hypothetical all-electric household having a full set of major
energy-using appliances and the most efficient technologies available in
1982. While this hypothetical household has a higher level of amenities
than the average household today, it would use only about 1/5 as much
energy per capita. With more efficient technologies under development,
energy use could be reduced even further.

Commercial Buildings

The energy budgets of commercial buildings, like those of residential
buildings, are dominated by the requirements for space conditioning; but
for commercial buildings shell improvements other than for daylighting and
sun control are much less important. Most of the opportunities for

improved energy performance involve the use of more energy-efficient
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equipment and a better matching of energy supplies to energy service
requirements via the use of better control technology. The importance of
controls is suggested by the fact that in commercial buildings energy is
often needed for heating air in summer and for cooling it in winter.
NEW COMMERCIAL BUILDINGS As in the case of residential building, new
commercial buildings are considerably more energy efficient than those in
the existing stock (see Table 4). But there are still major opportunities
for further improvement.

An exercise conducted in the US in the late 1970s suggests that, given
a quick course in energy conservation techniques, ordinary teams of US
architects and engineers can design buildings that have energy requirements
which are much lower than even typical new buildings. The purpose of the
exercise was to lay the basis for the federal Building Energy Performance
Standards (BEPS) being considered at that time. A sample of 1661
commercial buildings was chosen as representative of the US design
practices a few years after the 1973 oil embargo. For a random sample of
168 of these buildings, the original design teams were contacted and asked
to redesign the same building with improvements in energy efficiency,
without violating any of the requirements of their original clients and
without changing the overall first costs of the buildings significantly.
Only "off the shelf" technologies could be used. Since few of the original
design teams were expert in energy efficiency, the Research Corporation of
the American Institute of Architects (AIA/RC) assisted them by providing a
3-day training session, and a workbook with practical design ideas and
simplified analytical tools. The results of this AIA/RC "redesign" effort

are summarized in Table 4: the average energy intensity for the redesigned
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buildings was about 3/5 as large as that of typical new buildings. This
improved performance was achieved at very little additional first cost and
is far from the economic optimum.

Subsequently, the AIA/RC chose 3 buildings for a much more detailed
analysis and selected architectural teams noted for their expertise in
designing energy efficient buildings. These teams were asked to redesign
the original buildings in such a way as to minimize the 1ife cycle cost
(LCC) -~ specifically to save energy to the extent of éiving the building
owner at least a 10 percent (real) rate of return on his investment. The
redesigns involved careful lighting techniques, use of state-of-the-art
control technology, and hydronic heat pumps (or the equivalent), and
resulted in buildings requiring only about 40% as much energy as typical
new buildings (see Table 4).

At the time of this writing, the most energy efficient designs for new
commercial buildings in the US were for the pair of ENERPLEX office
buildings (12,080 square meters each) in Princeton, New Jersey, constructed
by the Prudential Insurance Company. The calculated energy performance of
the ENERPLEX SOUTH building is comparable to the average for the AIA LCC
Minimum Designs (see Table 4), and compared to the average stock of
commercial buildings in the US, the building is expected to require per
square meter of floor space 10% as much energy for space heating, 40% as
much energy for air conditioning, and 60% as much energy for lighting.
While the energy-saving features of the ENERPLEX buildings are expected to
lead to a dramatic improvement in energy performance relative to
conventional practice, none of the design features involve radical

technical changes (9). Rather they represent simply good common sense in
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relation to conventional designs, which often make no sense whatsoever as
energy performers in the new era of high-priced energy. The extent to
which the actual energy performance of ENERPLEX conforms to the predicted
performance is yet to be determined. However, the ENERPLEX designs do not
come close to the limits of what can be achieved in commercial buildings,
even with today's technology. Relatively straightforward modifica-

tions of the ENERPLEX South design could reduce that building's

energy use significantly below the design level (10, 11, 12, 13).

EXISTING COMMERCIAL BUILDINGS In a study of a large number of commercial
buildings (mainly in the US) where retrofits had been carried out, the
average measured savings in 184 buildings was 23%, and the corresponding
cost of saved energy for 56 buildings where cost data were available was
$2.8 per GJ (1982 dollars), assuming a 10 year retrofit l1ife and a 10% real
discount rate (Howard Ross and Sue Whalen, 1983). These savings fall far
short of the economic potential, however, since there is probably much more
that can be done at an average cost of saved energy less than average price
of energy in the commercial sector -- which averaged $8 per GJ in the US in
1979 (Energy Information Administration, 1983).

One estimate of the overall potential for energy savings via retrofits
in the US commercial sector is provided by a survey of 14 experienced
architects and engineers, which indicated that a reasonable target for the
US would be a 50% reduction by the year 2000, for an estimated average cost
of about $22 per square meter of floor area or $5 per GJ of saved energy
(SERI Solar/Conservation Study Group, 1981).

Transportation

Transportation accounted for 56% of all oil consumed in the US in
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1980. Accounting for 70% of all oil use in transport, automobiles and
light trucks warrant special attention (see Table 5).

There are opportunities to improve the fuel economy of automobiles and
light trucks from the present typical values of 12 to 8 1/100 km (20 to 30
mpg) to the range 4 to 2.3 1/100 km (60 to 100 mpg) in the decades
immediately ahead, both by increasing engine/drive train efficiency and by
reducing vehicle weight and aerodynamic and rolling resistances.

Engine efficiencies are typically low. For example, the model year
1981 gasoline-powered VW Rabbit with manual transmission has an average
engine/drive train efficiency of only 13.5 percent in converting fuel to
mechanical energy at the wheels (F. von Hippel and B. Levi, 1983). One
possibility for improving the efficiency is to shift to a diesel engine.
The diesel version of the Rabbit has an energy performance on the US EPA
combined driving cycle of 5.3 1/100 km (45 mpg), compared to the 7.9
1/100km (30 mpg) for the gasoline version. The cost of saved energy for
this $525 engine switch, assuming a 10% real discount rate annual savings
of 420 liters (110 gallons) of fuel for the average driving distance of
about 16,000 kilometers (about 10,000 miles) per year, would be just $0.22
per liter ($0.78 per gallon) of gasoline equivalent.

Additional improvements in the VW Rabbit, based on proven technology,
such as reducing aerodynamic drag and rolling resistance, shifting from a
pre-chamber to a direct-injection diesel, using a continuously variable
transmission, reducing weight, and adding an engine-off feature during
coast and idle, would improve its fuel economy to 2.6 1/100 km (89 mpg)
(F. von Hippel and B. Levi, 1983), without increasing the total cost of

owning and operating the car (see Figure 13). Many of these features have
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been incorporated into prototypes, of which the VW Experimental Car 2000
and the Volvo Light Component Project 2000 (LCP 2000) car with fuel
economies of 3.8 and 3.6 1/100 km (62 and 65 mpg), respectively, are
notable examples (see Table 6).

Among further improvements possible with advanced technology, the
efficient adiabatic diesel engine is especially promising. The Volvo LCP
2000, with a 3-cylinder, heat-insulated, direct-injection, turbocharged
engine is an advance in this direction (Volvo Car Corporation, 1984).

Researchers at Ford Motor Company describe what an "average" vehicle
in the late 1990's could be like (E.J. Horton and W.D. Compton, 1984) as:

",.. a four- or five- passenger vehicle in the 2000-pound (900 kg)
inertia weight 9lass with an aerodynamic drag coefficient of 0.20 or
less... Electronics would control a turbocharged, ceramic, adiabatic
diesel engine and continuously variable transmission to provide smooth
effortless performance and fuel economy in excess of 100 miles per
gallon on the highway..."

One concern which has been raised about super-mpg cars is their
safety. That a light-weight car need not be unsafe, however, is indicated
by the safety features built into Volvo's LCP 2000 (Volvo Car Corporation,
1984). Moreover, researchers at the Cummins Engine Company and the NASA
Lewis Research Center have described the design of a 1360 kg (3000 1b)
passenger car, having an adiabatic diesel engine with a turbo-compound
bottoming cycle, which would have a fuel economy of 3.0 1/100 km (79 mpg)
(R.R. Sekar, R. Kamo, and J.C. Wood, 1984) and would thus be a "heavy"
super-mpg car.

Another concern is the air pollution from diesel engines. One solution
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is that spark-assisted versions of diesel engines (e.g. the Cummins/NASA
Lewis car) would be able to use a wide range of fuels including gasoline
and methanol fuel (Office of Mobile Air Pollution Control, 1982) without
loss of efficiency (A. Neitz and F. Chelma, 1980).

For trucks it appears feasible to reduce by 50% energy use per tonne-
km, relative to the present US average for long haul trucks, via a
combination of measures such as the development of adiabatic diesel engines
and bottoming cycles, reduction in aerodynamic drag, and tire improvements
(F. von Hippel, 1981).

For passenger aircraft, the high cost of fuel, accounting for as much
as 30% of the operating costs of US commercial airlines, is providing a
strong incentive to implement fuel economy improvements. It appears
feasible to reduce fuel intensity by 50% relative to 1977 levels in the US
by a combination of measures such as completing the shift to wide-bodied
jets with high bypass turbofan engines, improving wing design, and reducing
weight through use of composites, and other factors (F. von Hippel, 1981).
Industry

The very large energy price increases experienced by the industrial
sector over the last decade (see, for example, Figures 3, 4 and 14) provide
a powerful motivation for seeking improvements in energy productivity.
Fortunately, as in other sectors, there is a wide range of technical
opportunities for making such technical improvements. It is useful to
classify these opportunities as: good housekeeping measures; fundamental
process changes; product changes; and new energy conversion technologies.
We illustrate opportunities in each of these areas.

GOOD HOUSEKEEPING Improved management measures such as plugging leaks in
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and insulating steam lines, turning off energy supply systems when not in
use, etc., have accounted for much of the energy savings in industry since
the energy price increases. The potential for energy productivity
improvements here are typically of the order of 10-20 percent at little or
no capital cost.

PROCESS INNOVATION The objective of process innovation is not to reduce
energy demand or minimize the cost of providing energy services per se but
to minimize the total cost of production. The history of modern industry
tells us that new processes for providing familiar products are most likely
to be able to overcome the resistance to technical change and displace
existing processes if they offer opportunities for simultaneous
improvements in several factors of production -- reduced labor, capital,
materials, and energy requirements (C.A. Berg, 1979; R.M. Solow, 1957).
This has been such a powerful phenomenon that energy requirements have
often been reduced in the process of technological innovation even during
periods of declining energy prices (see Table 7).

New processes are being continuously developed. Important R&D areas
from which industrial process innovations are likely to continue to emerge
include: powder metallurgy, plasma metallurgy, computer-assisted design
and manufacturing, laser processing of chemicals (A.M. Ronn, 1979),
biotechnology, membrane separation technology (H.K. Lonsdale, 1982), and
the use of microw;ves for localized rather than volumetric heating.
Improvements in all such areas will make it possible to do more with less
-- to produce higher value-added with less inputs of the various production
factors, including energy.

Consider steel production, which accounts for about 1/7 of all
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manufacturing energy use in the US. The theoretical minimum amount of
energy required to produce a tonne of steel is 7 GJ from iron ore (E.P.
Gyftopoulis, L.J. Lazaridis, T.F. Widmer, 1974) and 0.7 GJ from scrap. At
present, steel-making in the US, and also in Sweden, is based on a 50/50
mix of iron ore and scrap, so that the thermodynamic minimum is about 3.9
GJ per tonne of raw steel. For comparison, the actual energy used to
produce raw steel was 27 GJ per tonne in the US in 1979 and 22 GJ per tonne
in Sweden in 1976, where the evaluations are done on a comparable basis
(see Table 8).

The potential for practical energy productivity increases in steel
production is illustrated with iron-making processes now under development
in Sweden -- Plasmasmelt and Elred. In both cases, the objective is to
reduce overall costs and reduce environmental problems: by using powdered
ores (concentrates) directly, without agglomeration of the ore into sinter
or pellets; by using ordinary steam coal instead of the much more costly
coke; and by integrating what are now individual operations.

Energy requirements are 8.7 GJ/tonne (of which 4.2 GJ is electricity)
for Plasmasmelt and 11.9 GJ/tonne (1.3 GJ electricity) for Elred (T.B.
Johansson, P. Steen, R. Fredriksson, and E. Bogren, 1983). The
Plasmasmelt process may be appealing in coal-poor, hydro-rich countries,
while in the US, where electricity prices are high, it may be preferable to
focus on less electricity-intensive processes like Elred or other iron-
making processes that produce not hot molten metal but rather solid direct-
reduced iron. Direct reduction processes convert iron ore in various forms
into sponge iron at temperatures much below the melting point, using a wide

variety of reductants other than metallurgical coke. Other promising
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advanced processes that attempt to integrate now separate operations to
save on capital, labor, and energy costs include continuous casting, direct
steel-making, and dry steel-making (G.J. Hane et al., 1983).

The dry steel-making process, which yields a final product in powder
form (and avoids melting), holds forth the promise of very low capital
costs and suitability for small scale operations, as well as major energy
savings relative to conventional processes (G.J. Hane et al., 1983).
PRODUCT CHANGE Product design can lead to reduced energy use if it
facilitates materials recycling; this is especially important for metals.
Recycled steel requires only 35% as much energy to become finished steel
relative to iron ore, and recycled aluminum less than 10% as much. Product
design can also lead to reduced energy use if it extends product life --
facilitating repair, remanufacture, and reuse.

Product weight reduction offers wide opportunities for energy savings.
But sometimes when a shift to lightweight materials is required, there can
be an increase in manufacturing energy use -- for example, when aluminum is
substituted for steel in cars. But where there are such increases in
manufacturing energy use, these increases are usually offset by the much
greater reduced operational energy use, as would be the case with the Volvo
light-weight car, the LCP 2000 (Volvo Car Corporation, 1984).

Some of the most exciting possibiltites for energy-saving substitutions
involve developing entirely new primary materials that may be more
appropriate for the new era of high cost energy. One candidate is a
"super-cement" now under development.

Ordinary cement is a primary building material which can be made from

commonplace resources -- limestone, clays, and sands -- and which has a
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relatively low energy intensity: it takes 6 times as much energy to produce
a cubic meter of polystyrene and 29 times as much to produce a cubic meter
of stainless steel. It would seem desirable therefore to be able to
substitute cement for such energy-intensive primary materials. The
substitution possibilities are quite limited today, largely because cements
tend to have low tensile strength and low fracture toughness. But recent
research and development has led to the discovery of ways to dramatically
improve cements in these respects (J.D. Birchall and A. Kelly, 1983).

The new super cement is a macro-defect-free (MDF) cement, which
differs from ordinary cement in that the pores in the cement are reduced
from millimeter to micrometer size. This dramatically increases tensile
strength and fracture toughness; super cement can be made highly resistant
to impact via reinforcement with fibers. These fibers can be inexpensive
organic materials because cement is manufactured at low temperatures.
Strips of fiber-reinforced MDF cement can be made pliable and bent like
strips of metal (J.D. Birchall and A. Kelly, 1983).

NEW ENERGY CONVERSION TECHNOLOGY While process and product change
innovations often generate several-fold energy savings, the technologies
involved tend to be of limited applicability. There are also energy
savings opportunities involving energy conversion devices, which typically
yield smaller energy savings of 20 to 50%, but which are important in
aggregate because of their wide applicability throughout industry. The
possibilities here include more insulation on furnaces, radiation
reflectors, heat recovery devices, induction heating of metals, microwave
heating, cogeneration (R.H. Williams, 1978), and better mechanical drive

systems. To illustrate the possibilities here, we briefly discuss
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mechanical drive technology.

Mechanical drive accounts for about 3/4 of total industrial
electricity use. A study of mechanical drive systems in British light
industry has shown that typically less than half of the input power to a
plant is delivered to the tool tip, with about 1/3 of the total input power
lost in the gearboxes and in throttling (N. Ladamatos, N.J.D. Lucas, W.
Murgatroyd, 1978).

Constant speed, oversized motors are typically used to move gases, and
the gas flow is regulated by baffles; similarly, throttling valves are used
for controlling liquid flows. The matching of power demand to supply via
throttling involves considerable energy waste. Alternating current
variable speed drive (VSD) technology is an energy-efficient alternative of
wide applicability to variable load situations involving pumps,
compressors, fans, etc. (N. Mohan, 1981). One estimate is that half of
alternating-current motor usage in the US could be economically affected by
the use of VSD controls by 1990, with an average savings of 30% for the
motors affected (D.J. Ben-Daniel and E.E. David, 1979). Paybacks of 1 to 3
years are possible in a wide variety of applications. Due to improvements
in solid state technology, reliability of VSD devices has improved in
recent years, and costs have tumbled -- trends which can be expected to
continue.

AN ENERGY SCENARIO FOR THE LONG TERM

To illustrate the importance of the ongoing structural changes and the
opportunities for making more efficient use of energy in dealing with the
problems of high energy costs and various environmental and security

externalities associated with energy production and use, energy demand and
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supply scenarios to the year 2020 are developed here.

In these scenarios the projected activity levels for major energy end-
uses are based on extrapolations of historical data, while the energy
intensities assigned to these activities involve the use of energy-
efficient technology.

The resulting scenarios should be regarded neither as indicating the
upper limits on the potential impact of energy efficiency improvements on
the US economy nor as forecasts of what will happen. The improved
technologies considered are either already commercially proven or are based
on proto-types or advanced developments that could lead to commercial
products in the near future. In all cases efficiencies are far below
thermodynamic limits, and in most instances, possibilities for further
improvement are apparent. At the same time, while the scenarios are based
on end-use technologies which are judged to be cost-effective, the economy
will not necessarily adopt these improvements automatically. The scenarios
probably overstate what can be accomplished via market forces acting alone.
New public policy initiatives are probably needed to facilitate a wide-
scale transition to energy-efficient technologies.

The Economic and Demographic Context

Alternative economic scenarios are considered, involving 50% and 100%
increases in per capita GNP, 1980-2020. In the former, the average annual
growth rate for per capita GNP is 1% per year, the average for the period
1973-1983. In the latter, the average growth rate is 1.7% per year,
corresponding to what would be achieved if (14):

o the economy continued the ongoing gradual shift from goods to
services production,

o) labor productivities of the goods-producing and services-
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producing sectors grew in the future at the average rates for the
period 1953-1978 (2.1 and 1.3% per year, respectively), and

o the economy returned to full employment.
Assuming that the population grows from 228 million in 1980 to 296 million
in 2020 [the ™"middle population series" projected by the US Census Bureau
in 1982 (14)], the two scenarios correspond to 2.0-fold and 2.6-fold
increases in aggregate GNP respectively, 1980-2020.

Model ling Future Energy-Using Activities

In the residential, commercial, and transport sectors, the major
energy-using activities are relatively few in number, fairly well-defined,
and, for the most part, well-established. (Most less well-defined, rapidly
changing activities in these sectors contribute little to overall energy
demand.) For these sectors, long-term projections based on historical
trends are made for each of the major energy-using activities, and the
associated energy intensities are indicated explicitly, reflecting the
discussion of improved end-use technologies in the preceeding section.
Because its energy-using activities are much more diverse, the industrial
sector is treated in a more aggregated fashion.

Future Energy Demand by Sector

With the above assumptions, energy futures can be defined, sector by
sector, which show explicitly the potential for energy demand reduction.
RESIDENTIAL SECTOR It is assumed for both scenarios that the number of
households increases from 82 to 119 million (14). The projected increase
arises from two factors: a 30% increase in population and, to reflect the
maturing of the population, a decline in the average household size, from
2.8 persons today to about 2.4 persons in 2020.

Also for both scenarios it is assumed that the average heated floor
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space per household remains constant at the 1980 level of 139 square meters

(which implies an increase of 1/6 in the living space per capita) and that
by 2020 there is 100% saturation for all appliances in the home except air
conditioning. For air conditioning the assumed saturation level is only
2/3, because in most parts of the country where air conditioning is not
already widely used, it is is not needed.

The assumption that the level of major energy-using amenities in the
home becomes independent of GNP simplifies the analysis in a manner
involving little loss of generality, because of the already high average
level of major energy-using amenities in the home. The household amenities
which are sensitive to income are characterized either by low power usage
(e.g., home entertainment systems, computers) or high power usage but very
low load factors (e.g, power equipment for the shop and yard) and are of
minor consequence in the overall household energy budget.

For space heating the problem of retrofitting old "energy-guzzling"
houses will persist for decades. Because the housing stock turns over slowly,
it is estimated that 3/5 of the houses built before 1981 would be standing
in 2020, at which time they would account for 2/5 of all houses (15).

A 30% average reduction, 1980-2020, is assumed for the required output
of space heating systems in fuel-heated houses built before 1981. This
norm is based on the average measured, cost-effective savings achieved for
the 29 houses retrofitted in the utility-based Modular Retrofit Experiment
conducted in New Jersey in 1981 (G.S. Dutt, M. Lavine, B. Levi, and R.H.
Socolow, 1982). No corresponding savings are assumed for existing
electrically-heated houses, because these houses involve much lower heat

losses than fuel-heated houses (16).
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The corresponding norm for new houses built after 1990 is assumed to be
the average, climate-adjusted, measured, energy performance achieved for
the 97 houses built under Minnesota's Energy Efficient Housing Demon-
stration Program (EEHDP) [see Table 2 and (16)]. The average heat load for
houses built in the period 1981-1990 is assumed to be midway between that
of new houses built in the early 1980s and the post-1990 norm.

Besides these heat load reductions, the norm for heating system
performance in 2020 is assumed to be equal to that of the most efficient
furnaces and heat pumps commercially available in 1982: an annual fuel
utilization efficiency of 95% for condensing gas furnaces and a seasonal
average coefficient of performance of 2.6 for electric heat pumps (17).

If these heating load and heating system efficiency norms were
realized, aggregate final energy use for residential space heating in 2020
would be only 1/3 as large as in 1980 (see Table 1).

For end-uses other than space heating, energy performance in 2020 is
assumed to be that of the most efficient technology commercially available
at present [see (16), (17), and ((18)]. With this technology and the
assumed levels of appliance saturation, aggregate final energy use for
these activities in 2020 would be 3/4 as large as in 1980.

For the residential sector as a whole, final fuel and electricity use
in 2020 would be at levels only 40 and 75 percent as large as in 1980,
respectively (see Table 1); final energy use per household would
decline from 130 GJ in 1980 to 44 GJ in 2020, corresponding to an average
rate of decline of 2.7 percent per year, 1980 to 2020. While this is a
rapid rate, it is far less than the 7.6 percent per year rate of decline

for the US housing stock in the period 1978 to 1982, when final energy use
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per household was reduced 30% (Energy Information Administration, November
1984a).

The energy performance levels indicated for 2020 should not be construed
as the limits of what can achieved. The achievements demonstrated in the
MRE do not represent the limit of what can be achieved with shell
improvements of existing dwellings. Over a period of several decades the
energy savings potential from retrofits is generally much greater than what
can be achieved immediately. Over time various structural modifications of
houses will be needed, and some important energy demand reducing shell
improvements are much more cost-effective if carried out in conjunction
with such structural changes (e.g. putting in energy-efficient windows when
new windows are needed anyway) than if carried out for the energy savings
benefits alone. Moreover, new technical opportunities for energy demand
reductions will continually be developed. For example, one important
experiment exploiting additional unconventional retrofit opportunities
resulted in a 2/3 energy savings in a US house which, prior to
modification, was regarded as "thermally tight" by US standards (F.W.
Sinden, 1978). 1In new construction, the houses built under the EEHDP
program may be out-performed by super-insulated houses now offered by some
builders (see Table 2). The annual electricity use assumed for
fefrigerator/freezers (some 580 kWh per year) is more than twice as large
as the consumption level that has been measured in a high efficiency
prototype (Larry Schlussler, June 1978), and there are opportunities for
further improvement of other appliances as well.

Some of the projected energy savings would be realized in the normal

working of the market. However, the indicated energy demand levels would
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probably not be realized without directed government action, because of
numerous institutional obstacles to cost-effective investments in energy-
efficiency improvement (R.H. Williams, G.S. Dutt, and H.S. Geller, 1983),
including: inadequate consumer information about energy savings
opportunities and their cost-effectiveness; inadequate availability of
capital for investments in energy-efficiency; barriers to life-cycle cost
minimization arising from a split of responsibility between those who would
make investments and those who would bear operating costsj and, generally{
the difficulties associated with implementing energy efficiency
improvements when the industrial infra-structure needed to deliver these
improvements is not yet well-established.
COMMERCIAL BUILDINGS The growth of the commercial buildings sector is
closely coupled to the expansion of the service sector. Here the linear
relationship established in the period 1970 to 1979 between commercial
floor space and service sector employment is assumed to persist, so that in
both scenarios the volume of commercial floor space would expand 50%, 1980-
2020, in conjunction with a 65% increase in service sector employment in
this period (19). As in the case of residential buildings, the long life
of commercial buildings implies that retrofits of the existing building
stock will be important for decades to come. In 2020 it is estimated that
3/5 of the 1980 building stock would still be standing and would at that
time account for 2/5 of the total commercial building stock (19).

For retrofits, a 50% reduction in final energy use per square meter is
assumed relative to 1980 levels (20), based on the results mentioned
earlier of a Solar Energy Research Institute survey of experienced

architects and engineers, to ascertain their judgments of the retrofit
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potential by the year 2000 (SERI Solar/Conservation Study Group, 1981).

The assumed norm for new buildings constructed after 1990 is the
average energy performance of the three buildings designed in an American
Institute of Architects Research Corporation exercise aimed at life-cycle
cost minimization [see Table 4 and (20)]. As in the residential case the
assumed norm for buildings constructed in the period 1981-1990 is the
average of the performance of buildings being built at present and in the
post-1990 period (20).

With these assumptions, final fuel and electricity use in commercial
buildings in 2020 would be about 30 and 90 percent of the 1980 levels,
respectively (see Table 1). Again, the energy performance values
underlying the commercial sector scenario do not represent the limits of
what can be achieved [see, for example, the discussion of possible
modifications of the ENERPLEX buildings (10), (11), (12), and (13)].

As in the residential sector, market forces acting alone cannot be
expected to provide adequate incentive to realize the full energy savings
indicated here, however, despite the cost-effectiveness of the savings
measures at today's energy prices. An indication of the weakness of market
forces is the fact that in 1979 the cost of energy in commercial buildings
averaged about $10 per square meter of floor space (Energy Information
Administration, December 1983), only some 2-3% of the cost of salaries for
the employees who worked in these buildings -- the dominant operating cost.
While the rapidly growing industry marketing "energy services" (American
Council for an Energy Efficient Economy, August 1984) may be able to
capture much of the energy savings potential for large, existing commercial

buildings, new public policy initiatives are needed for the commercial
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buildings sector as well.

TRANSPORTATION In the transport sector attention should be focussed on
light vehicles (automobiles and light trucks), air passenger transport, and
truck and rail freight, which together accounted for nearly 90% of
transportation energy use in 1980 (see Table 5).

Since the average American already spends an hour a day in the car,
future levels of automobile use are not likely to increase much with per
capita GNP: thus it is assumed for both scenarios that the number of light
vehicles per adult remains constant at the present level of 0.8 and that
the average light vehicle is driven the same amount as today (17,000
km/year).

In contrast to the automotive situation, there is no evidence that air
travel demand is reaching saturation levels. In accordance with a
relationship to GNP established in the period 1970-1979, it is assumed that
air travel per capita increases, 1980-2020, 2.1-fold (3.3-fold) if per
capita GNP increases 50% (100%) (see Table 5).

The mix of freight between truck and rail is assumed to remain fixed
at the 1980 level, and the total volume of freight is assumed to grow
slightly more slowly than GNP, as it did in the 1970s -- up 1.8-fold (2.3-
fold), if per capita GNP increases 50% (100%) (see Table 5).

It is assumed that the average light vehicle on the road in 2020 would
have a fuel economy of 3.1 1/100 km (75 mpg). This is the fuel economy
that could be achieved if cars that perform like the vehicle modelled by
von Hippel and Levi [a VW Rabbit Diesel modified with reduced aerodynamic
drag, reduced rolling resistance, an open chamber instead of a pre-chamber

diesel, a continuously variable transmission, and a 16% reduction in weight
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(see Figure 13)] or the car with an adiabatic diesel engine proposed by
Cummins Engine Company and NASA Lewis researchers (see Table 6) were to
become the norm. This target again certainly does not represent the limit
of what can be achieved. Neither of these cars includes features that
would be incorporated in the 100 mpg PERTRAN car proposed by researchers at
the Battelle Memorial Institute (S.L. Fawsett and J.C. Swain, 1983) ==
including greatly reduced vehicle weight and regenerative braking.

For both truck and air passenger transport a 50% reduction in energy
intensity is assumed, 1980-2020, based on the analysis of von Hippel (Frank
von Hippel, 1981).

Under the above conditions total transportation energy use in 2020
would be reduced to 50% (60%) of the 1980 level, if per capita GNP
increased 50% (100%) (see Table 5). A striking feature of the energy
budget for transportation is the much diminished contribution from the
light vehicles -- 29 to 34% in 2020, down from 70% in 1980. This implies
that in the neighborhood of the fuel economy assumed for l1light vehicles,
the overall energy requirements for transportation are not very sensitive
to fuel economy. For example, if the average light vehicle fuel economy
were just 4.7 1/100 km (50 mpg) instead of 3.1 1/100 km (75 mpg),
transportation energy use would be only 14 to 17% higher (0.19 kW per
capita higher).

Again public policies are needed to promote the indicated levels of
savings. The price of energy may be effective in promoting efficiency
improvements in areas such as air travel, where the cost of fuel is a major
fraction of the total cost, but in the case of the automobile, the price

incentive alone may be inadequate to achieve high fuel economy. Even at
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high gasoline prices market forces are particularly weak in promoting fuel
economies much better than about 8 1/100 km (30 mpg) -- both because the
cost of fuel represents a small fraction of the total cost of owning and
operating a car and because it appears that over a wide range of fuel
economies the total cost per km is quite insensitive to the fuel economy
level (see Figure 13). Since the consumer is little motivated to

seek high fuel economy, although the country would be better off, owing to
the resulting reduction in oil imports, some form of market intervention to
promote high fuel economy may be desirable.

THE INDUSTRIAL SECTOR Modelling the likely mix of future industrial
activity and the energy demand associated with this activity is an
especially difficult task for the US, because the US industrial base is
very diverse and because it is being fundamentally reshaped, as the country
continues the transition to a Post-Industrial Economy. Thus the mix of
industrial activities several decades in the future can be expected to be
quite different from that of today. Because of these complexities, the
industrial sector is modelled here with more aggregated descriptors than
those used in other sectors.

Consider first the the growth of total industrial output*. If in the
future industrial output grows 0.83 times as fast as GNP, as it did in the
1970s [see (14)], reflecting the ongoing shift from goods to services
production, the industrial sector as a whole would expand 1.8-fold (2.3-
fold), while per capita GNP increases 50% (100%), 1980-2020.

Within the industrial sector different growth paths are assumed for
* Here industrial output is Gross Product Originating, the value-added

measure compiled by the Bureau of Economic Analysis of the US Department of
Commerce.
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(i) the energy-intensive basic materials processing (BMP) and the mining,
agriculture, and construction (MAC) subsectors and (ii) the value-added-
intensive fabrication and finishing activities that make up "other
manufacturing" (OMFG). For the BMP and MAC subsectors of industry, it is
assumed that output grows only as fast as population or 30%, 1980-2020,
reflecting the shift away from the use of basic materials, a shift which
appears to imply saturation in the use of basic materials (i.e., zero
growth in kg consumed per capita) in the US [see (E. Larson, R.H. Williams,
and D. Bienkowski, 1984) and Figure 12]. Together with the assumption
about total industrial output growth this implies that the OMFG subsector
would grow 2.3-fold (3.3-fold), while per capita GNP increases 50% (100%),
1980-2020.

To these assumptions about output growth is added the assumption
that the energy intensity of each subsector is reduced in half, 1980-2020.
It is also assumed for both scenarios that the historical trend toward
electrification continues, so that the electrical share of final energy
demand increases from 11% in 1980 to 25% in 2020.

The projected average improvement in energy productivity is well
within the range of practical feasibility, in light of the large potential
for energy efficiency improvement in industry, very little of which has
been captured to date. The economic incentive to seize these opportunities
is also especially strong in the industrial sector; the average final
energy price to industrial consumers increased 3.3-fold in real terms,
1972-1981, compared to only a doubling of the real energy price in other
sectors in this period (Energy Information Administration, June 1984),

With the above assumptions final energy demand in industry would
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decrease by 30% (24%) between 1980 and 2020, if per capita GNP increases
50% (100%) in this period (see Table 9). The corresponding average rate of
decline in the final energy intensity, 1980-2020, would be 2.4% (2.8%) per
year, somewhat less than the average of 3.1% per year for the period 1973-
1983.

These projections for the industrial sector can alternatively be
expressed in terms of a simple model which relates changes in aggregate
energy demand to changes in aggregate industrial output and in average
energy prices. The changes in these quantities and the energy intensity of
industry during the 1970s are shown in Figure 14. Even though the energy
demand projections presented here are far lower than most energy demand
forecasts for the industrial sector, these projections are consistent with
generally accepted values for industrial output elasticities and long run
energy price elasticities, even if there were no further increase in the
average industrial energy price beyond the the present level (21).

While the industrial sector is probably more responsive to market
forces in making energy efficiency improvements than other sectors, there
is still need for new policy initiatives to help improve the economic
climate for adopting more energy-efficient technology. It is particularly
important that energy-intensive industries be adequately motivated to seek
ma jor improvements in industrial productivity by introducing wholly new
processes and products -- the adoption of which would typically lead to far
greater energy savings than modification of existing processes with energy-
saving "retrofits" (C.A. Berg, 1978). Because the demand for basic
materials is growing so slowly (and is actually declining for some basic

materials), the basic materials processing industries in the US, as in
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other industrialized countries, are relatively poor theaters for
innovation. To help foster innovation in the face of this slow growth,
policies that foster industrial R&D and investments in new plant and
equipment generally should be given careful consideration.

Integrated Results for Energy Demand

The results of the demand analysis are summarized in Table 10, which
shows that, by pursuing throughout the economy opportunities for energy
efficiency improvement, per capita final energy use could be reduced, 1980-
2020, from 9.0 to 4.0 kW (4.4 kW), along with a 50% (100%) increase in per
capita GNP. While the electrical share of final energy use would nearly
double, 1980-2020, demand for electricity overall would increase only 0.3%
per year (0.5% per year).

While the energy demand levels for the year 2020 shown in Table 10 were
not derived from an economic model relating energy use to aggregate
economic indicators, as is done in most conventional energy forecasting
analyses, the energy projections presented in Table 10 for the entire US
energy economy, as in the case of the industrial sector analysis (21), can
be expressed in terms of output and price elasticities via the use of a
simple model relating final energy use per capita (FE/P) to gross national
product per capita (GNP/P), the average final energy price Pe, and a rate
of energy efficiency improvement (c) that is not price induced:

FE/P (t) = A x [GNP/P ()13 x [P (£)]17P /(1 + o)t
where "A" is a constant, "a" is an income elasticity*, and "-b" is a long
* The income elasticity is the percentage increase in energy use

associated with a 1 percent increase in per capita GNP, with the energy
price held constant.
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run final energy price elasticity*.

The parameter "c" is introduced here to account for energy efficiency
improvements that are not price-induced. Improvements in energy efficiency
have been made historically even in times of declining energy prices as a
part of the process of technological innovation in the industrial sector
(C.A. Berg, 1978). 1In the automotive sector such improvements have been
made as a consequence of the automotive fuel economy standards mandated by
the US Congress in 1975. In the future a variety of public policies could
lead to such improvements. The parameter "c" can be regarded as a measure
of the public policy effort required to realize the scenarios.

The above equation is the central equation underlying the treatment of
energy demand in the Energy Analysis/Oak Ridge Associated Universities
(IEA/QEAU) global energy model, which has been used both by IEA analysts
and by analysts at the MIT Energy Laboratory (MITEL) in making long run
projections for global energy (J. Edmonds and J. Reilly, 1983; J.A.
Edmonds, J. Reilly, J.R. Trabalka, and D.E. Reichele, 1984; R.J. Rose, M.M.
Miller, and C. Agnew, 1983).

In applying this equation to the energy energy demand scenario
presented in Table 10, a comparison is made here of parameters for the
years 1972 and 2020. The year 1972 is chosen as the base year because
that is the last year before the price shocks, and only part of the long
term consumer response to these price shocks has been manifest to date.
;-‘ﬁghe final energy price elasticity is the percentage increase in 'energy
use associated with a 1 percent increase in the final energy price, with
per capita income held constant. The elasticity can be a short run
response, which reflects largely behavioral adjustments to price changes or a
long run response, where enough time is allowed for investments to be made

in new plant and equipment that is more appropriate at the higher energy
prices. The long run price elasticity is the one of interest here.
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Between 1972 and 2020, per capita energy use would decline from 9.2 kW to
4,0 kW (4.4 kW) and per capita GNP would increase 1.73-fold (2.30-fold),
assuming a 50% (100%) increase in per capita GNP, 1980-2020.

Plots of of income and price elasticities consistent with the energy
demand scenarios presented in Table 10 are shown in Figures 15 and 16, for
the cases where

c = 0.005 and 0.01;
Po(2020) = Po(1981) = 2.33 x P,(1972), and
P,(2020) = 1.5 x Po(1981).

These values of "c¢" were judged to be feasible and were assumed for the
"C02 benign scenarios" in the MITEL study, which identified the
possibilities for reducing energy demand throughout the world via energy
efficiency improvements as the single most promising strategy for coping
with the global threat of climatic change associated with the buildup in
the atmosphere of carbon dioxide from the burning of fossil fuels (R.d.
Rose, M.M. Miller, and C. Agnew, 1983).

The energy price values assumed for these displays are considerably
less than what the US Department of Energy projected in 1983 for the year
2010 (up 1.6-fold to 2.5-fold above the 1981 average price) (Office of
Poliecy, Planning, and Analysis, October 1983), but prices could well be
lower for the scenarios presented here, which involve much lower energy
demand levels.

Economists generally believe that the long run price elasticity for
final energy demand is in the range - 0.65 to - 1.15 (W.D. Nordhaus, 1977),
and Yale economist W. D. Nordhaus has taken - 0.8 to be a "best guess"

value, based on a judgmental weighting of values from various studies
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(W.D. Nordhaus and G.W. Yohe, 1983).

While modelers typically assume that the income elasticity is 1.0 (J.
Edmonds and J. Reilly, 1983; J.A. Edmonds, J. Reilly, J.R. Trabalka, and
D.E. Reichele, 1984), the end-use analysis of energy-using activities
throughout the economy presented here indicates that the marginal dollar of
per capita income tends to be spent on less materials-intensive (hence less
energy-intensive) and more more value-added-intensive goods and services
than the average dollar of income. Moreover, the income elasticity
probably declines with increasing income and thus would be higher for per
capita GNP in the range 1.0 to 1.5 times the 1980 level than for per capita
GNP in the range 1.5 to 2.0 times the 1980 value. If there were no
difference in energy price between the high and low scenarios presented in
Table 10, the implicit income elasticity would be a = 0.33 for per capita
GNP in the range 1.5 to 2.0 times the 1980 level. Average elasticities for
the entire range of incomes considered here might well be in the range a =
0.4 to 0.8. Figures 15 and 16 show that such income elasticities would be
associated with plausible price elasticities and modest energy efficiency
improvement rates "c," even if there were zero future energy price
increases or if the energy price were to grow only very slowly (e.g., the
case involving a 1.5-fold increase in the average price by 2020 corresponds
to an average annual rate of increase of just 1 percent per year, 1981-
2020).

The Implications for Energy Supply

If aggregate energy demand were as low as for the scenarios presented
in Table 10, the energy supply problem would become quite manageable.

Illustrative supply mixes are shown for primary energy and electricity
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generation in Tables 11 and 12, respectively. The aggregate energy supply
parameters presented in Table 11 imply that primary energy use per capita
would decline from 11.1 kW in 1980 to 5.3 kW (5.7 kW) in 2020, for a 50%
(100%) increase in per capita GNP. The fractional reduction in primary
energy use is somewhat less than that for final energy, owing to the
projected greater role for electricity.

The mix shown here reflects global concerns described elsewhere (J.
Goldemberg, T.B. Johansson, A.X.N. Reddy, and R.H. Williams, 1985)
associated with overdependence on oil imports, fossil fuels generally, and
nuclear power, supplemented by the prospect of diminishing domestic
availability of both oil and natural gas in this time frame. These tables
show that energy requirements associated with substantial economic growth
could be met even if: dependence on o0il and gas were reduced to less than
50% of the 1980 level; the use of coal were reduced to 65-75% of the 1980
level; and there were no expansion of nuclear power beyond what is planned
for the year 2000.

COMPARISON WITH OTHER STUDIES

Since the onset of the first oil crisis several major studies have
been carried out to estimate the overall potential for energy efficiency
improvement in the US.

The first major study along these lines was the 1974 report of the
Ford Foundation's Energy Policy Project (EPP) (Energy Policy Project,
1974). This analysis showed for the first time that the energy/GNP
correlation could be broken via investments in energy efficiency
improvement. Final energy use per capita projected for the year 2000 in

the EPP "Zero Energy Growth" scenario was 10.1 kW, or more than in the peak
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year of 1973 (see Figure 2). Though quite controversial at the time, the
EPP estimates of the opportunities for improving energy efficiency today
seem quite modest.

In 1978, the Demand and Conservation Panel of the Committee on Nuclear
and Alternative Energy Systems (CONAES) of the National Research Council
explored some low energy futures to the year 2010, consistent with a
doubling of GNP in the period 1975-2010 (The CONAES Demand and Conservation
Panel, 1978). The lowest energy demand scenario described involved final
energy use in 2010 at a level of some 6.2 kKW per capita, for the case where
energy prices in 2010 are U4 times the 1975 levels and very aggressive
conservation policies are pursued. The spirit of the CONAES Demand Panel's
low energy scenario was quite different from that of the present scenarios,
however, because of the emphasis given to the adoption of life-styles that
conserve energy via reductions in the activity levels involved. Examples:
an acceleration in the trend to multi-family housing; a reduction in the
time spent in autos, owing to assumed better-organized living patterns;
much less future air travel than is assumed here; a shift from truck to
rail freight; a reversal of the ongoing trend toward a greater
electrification of the energy economy. Whatever the merits of such
actions, they were not considéred in the present analysis, which took into
account only established trends in the economic mix and opportunities for
more efficient energy use.

The energy demand analysis of the 1981 Solar/Conservation Study of the
Solar Energy Research Institute (SERI Solar/Conservation Study Group, 1981)
was closer in spirit to the present analysis, in that the only energy

demand reduction opportunities considered were energy efficiency
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improvements. The study showed that it is thereby technically and
economically feasible to reduce final energy use to some 6.0 to 6.5 kW per
capita by the year 2000.

The levels of energy use projected in the present scenarios are lower
than that in either the CONAES panel's low energy demand scenario or the
SERI study's scenario both because a target date of 2020 permits more time
to turn over the existing stock of energy-inefficient technology and
because recent developments show a much greater potential for practical
energy savings than was thought feasible in the mid- to late-1970s. Many
of the technologies upon which the present scenarios are based were brought
to market or developed since 1980 and are part of an ongoing "quiet
revolution" in end-use technology, about which most people are unaware,
simply because the absence of crisis conditions has shifted public
attention away from the energy issue. Insofar as there is no evidence of a
slowdown in the pace of innovation in this area, future studies may well
point to still further energy-saving opportunities.

IMPLEMENTATION

Many efficiency improvements will be made naturally as the capital
stock grows and turns over -- since typical new energy-using buildings and
equipment tend to be much more efficient than the existing stock.
Accordingly, it is very likely that the recent downward trend in per capita
energy use (see Figure 2) will continue, because of technological changes
already set in motion. But to bring about a reduction in per capita energy
use of the magnitude indicated here (Table 10) would require new policy
initiatives both to make markets work better than they do today and to

correct inherent market shortcomings. Some of the needed policies would be
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specific to particular energy-using sectors, while others would be of a
broad-gauged nature, intended to help promote a more even-handed treatment
in the marketplace of investments in energy supply and in energy-efficiency
improvement.

Policy initiatives that should be considered include:

o] the elimination of subsidies for energy supply;

o pricing policies that sensitize consumers to long run marginal
costs for new energy supplies;

o stabilization of the world oil price seen by consumers via a
variable oil tax that would be adjusted in response to changes in
the world oil price and inflation;

o] the promotion of free trade, as a means of inducing energy-saving
and other innovations in the declining basic materials processing
industries, by forcing them to face up to foreign competition;

) the provision of better information to consumers about cost-
effective opportunities for investments in energy efficiency;

o) the redirection of capital toward consumer investments in energy
efficiency;
o} the regulation of energy performance for activities such as

automotive fuel economy, where energy performance is readily
measurable and easily understood;

o changes in the incentive structures for energy utilities so that
they will provide energy services to their customers (via
investments in energy conservation as well as supply), and not
simply energy supplies;

o subsidies to the poor, which would facilitate investment in
energy efficiency improvement; and

o) government support for research and development on end-use
energy.

There remain many unanswered questions as to how best to implement end-use
energy strategies. But the kinds of policies most likely needed involve

the coordinated use of familiar policy instruments.
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CONCLUSION

Exploiting the many economic opportunities for more efficient energy
use could lead to be a dramatic reduction in overall energy use along with
continuing economic prosperity, as the present analysis has shown.

Pursuit of such a course would free up for other activities economic
resources that are now directed to the energy system, for two reasons.
First, at today's prices and for a wide range of energy-saving options
it less costly to provide needed energy services by investing at the margin
in energy efficiency improvements instead of in energy supply expansion.
Second, if energy demand is significantly reduced this way, energy prices
would generally be lower, because the more costly supply options could be
avoided.

In addition to the direct economic benefits, considerable flexibility
would be gained in putting together an energy supply mix. With low energy
demand futures not all energy supply options need be pushed to their
limits. It becomes possible to avoid or reduce dependence on the more
troublesome supply options and to provide energy supplies in a manner
consistent with the solutions of national and global economic,
environmental,and security problems which have strong links to energy (J.
Goldemberg, T.B. Johansson, A.K.N. Reddy, 1985).

There are reasons to be optimistic that the kind of energy future
described in this paper can be brought about. First, a good track record
has already been established in decoupling energy and economic growth (see
Figure 2). Second, much more can be accomplished with existing technology;
the scenarios presented here are not dependent on technological

breakthroughs. Third, the pace of technological change is swift -- indeed
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many of the technical opportunities upon which the major findings of the
present analysis are based emerged only in the last few years.

And finally, while market forces acting alone will not likely lead to
the kind of of energy futures described here, it is unlikely that radical,
unprecedented institutional changes would be needed to implement them. The
scenarios presented here are consistent with a seemingly doable pace of
implementing non-price induced energy efficiency improvements, in the
context of plausible demand adjustments to changing incomes and energy
prices that would 1likely take place even without new public policies.

The major impediment to an end-use energy strategy is the present
inadequate industrial infrastructure for marketing energy services. Since
our institutions for managing energy supply have evolved over many
decades, while the energy crisis which first focussed attention on energy
demand occurred but a decade ago, it is premature to make judgments as to
precisely what institutional changes would be best to help build-up this
infrastructure. Policymakers should be prepared to try new approaches,
learn from mistakes, and take pride in successes.
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Table 1.

I. Residential Sector

End Use

Space Heat
A/C
Central
Room (#HH w)
Hot Water
Refrig/Freezer
Freezer
Range
Dryer
Lights
Miscellaneous

TOTALS

Number of Units in Use (Millions)

- -

—— -

14.3 66.7
22.2 -
24.8 —
26.1 55.3
93.0 -
33.7 -
by, y 37.1
38.3 11.8
81.6 -

II. Commercial Sector

TOTALS

Notes for Table 1

(a) To conform to US convention,
from the use of this term elsewhere in this book.

Commercial Floor Area

-

(billion square meters)

1980

4.23 (e)

2020

6.37 (f)

Final Energy Use Scenario for the US Residential & Commercial Sectors (a)

Annual Energy Use (Exajoules) (d)

0.29 6.02
0.24 -
0.09 -
0.33 1.64
0.56 -
0.16 -
0.12 0.28
0.16 0.06
0.29 -
0.34 -
2.59 8.00

Annual Energy Use

——————— 1

-

Elect. Fuel

2.03 4.34

——

0.19 1.93
0.37 -
0.04 -
0.14 0.67
0.25 -
0.24 -
0.12 0.40
0.14 0.33
0.13 -
0.34 -
1.96 3.33

(Exajoules) (g)

- —

-

final energy use is defined here somewhat differently

Here final energy use equals

primary energy use less losses in the generation, transmission, and distribution of
Losses associated with petroleum refining and transport are counted as

electricity.
final use by the industrial and transport sectors,

respectively.

(b) The 1980 distribution of appliances by end uses in 1980 is from (Energy Information

Administration, June 1982).



Notes for Table 1, cont.

(e)

(d)

(e)

(f)
(g)

The distribution of appliances in 2020 is based on the following
assumptions:

o The number of households, the average size of a household, and
the distribution of heating systems by energy carrier are as
given in (14) and (15).

o A1l electrically heated houses in 2020 will have electric water
heaters, dryers, and ranges; all fuel-heated houses will have
fuel-heated water heaters, dryers, and ranges.

o) A1l electrically heated houses and 1/4 of all fuel-heated houses
will have central air conditioning in 2020; 1/4 of all fuel-
heated houses will have room air conditioners in 2020.

o) The saturation level for all major appliances will be 100% in
2020,

These figures are based on the calculations presented in (16, 17, and
18). The efficiencies of the heating and cooling systems in 2020 are
assumed to be equal to those labeled "best 1982 new" in (17).

The total commercial area in 1980 is estimated to be the 1979 value of
4,13 billion square meters (Energy Information Administration, March
1983) plus the estimated 1980 increment of 0.10 billion square meters
(R.W. Barnes et al., May 1980).

See (19).

Based on (19) and (20).



Table 2. Space Heat Requirements for Single Family Dwellings

(kJ per square meter per degree day) (a)

Average, housing stock (b) 160
New (1980) construction (c) 100
Mean measured value for 97 houses in Minnesota's

Energy Efficient Housing Demonstration Program (b) 51
Mean measured value for 9 houses built in Eugene,

Oregon, USA (d) 48
Calculated value for a Northern Energy Home, New

York City Area (e) 15

NOTES

(a)

(b)

(e)

(d)

(e)

The required output of the space heating system (i.e., heat losses
less internal heat gains less solar gains) per unit floor area per
heating degree day. The number of heating degree days (HDD) is a
measure of the severity of the winter heating season.

See (R.H. Williams, G.S. Dutt, and H.S. Geller, 1983).

As reported by the National Association of Home Builders (J.C. Ribot
A.H. Rosenfeld, F. Flouquet, and W. Luhrsen, 1983).

These are one story houses, with an average floor area of 103 sq.
meters, 15 sq. meters of double paned windows, 15 cm (30 cm) of
fiberglass insulation in the walls and floor (ceiling), and an average
air infiltration rate of 0.25 air changes per hour. The energy
performances of the houses were adjusted to standardized conditions:
an internal heat load of 1.0 KW and an indoor temperature of 20
degrees C. See (J.C. Ribot, A.H. Rosenfeld, F. Flouquet, and W.
Luhrsen, 1983).

The Northern Energy Home (NEH) is a type of super-insulated home which
is sold in New England. The NEH design is based on modular
construction techniques. The house is constructed of factory-built
wall and ceiling sections (120 x 240 cm x 23 cm) which are mounted on
a post and beam frame. The calculations presented here were carried
out by Dan McMillan of the American Council for an Energy Efficient
Economy using the Computerized Instrumented Residential Audit computer
program (CIRA) for a house with the following features: 120 sq. meters
of floor area; 12% of wall area (14 sq. meters) in windows, with 60%
on the south side; triple glazed windows with night shutters; 20 cm of
polystyrene insulation in walls, 23 cm in ceiling; 0.15 ACH natural
ventilation plus 0.35 ACH forced ventilation plus 70% efficient air-
to-air heat exchanger; internal heat load of 0.65 kW, corresponding to
the most energy efficient appliances available in 1982 plus 3.06
occupants on average. The indoor temperature is assumed to be 21
degrees C in the daytime, setback to 18 degrees at night. The New York
climate is characterized by 2700 degree days.



Table 3. Final Energy Use in the Residential Sector (Watts per capita)

Average All Elect., 4-Person Hshld.
Household with the Most Efficent Tech-
(1980) (a) nology Available in '82/83 (b)

End Use

Space Heat 890 60 (e)

Air Cond. L6 65 (d)

Hot Water 280 43 (e)

Refrigerator 79 25 (f)

Freezer 23 21 (g)

Stove 62 21 (h)

Lighting 41 18 (1)

Other 80 75

TOTAL 1501 328

NOTES

(a)
(b)

(e)

(d)

(e)

(f)

(g)

(h)

(1)

The total consists of 360 W of electricity and 1140 W of fuel.

With 100% saturation for the indicated appliances, plus dishwasher,

clothes washer and clothes dryer.

For an average-sized, detached, single-family house (150 sq. m. of
floor space); ave. US climate (2600 degree C days); a net heating
requirement of 50 KJ/m2/DD (see Table 2): a heat pump with a seasonal
ave. COP = 2.6 (the highest efficiency for new air-to-air units)

For the average cooling load in air conditioned US houses (27 GJ per
year) and a COP=3.3 (the COP on the cooling cycle for the most
efficient heat pump available in 1982).

For 59 1/capita/day of hot water (€ 49° C) and the most efficient (COP
= 2.2) heat pump water heater available, 1982.

The most energy-efficient, frost-free refrigerator/freezer available
in the US in 1982 was a 510 liter (18 cubic foot) unit requiring 870
kWh per year.

The most energy-efficient 425 liter freezer available in 1982,
requiring 725 kWh per year.

The shipment-weighted average annual usage of new electric ranges in
1980 was 760 kWh per year.

Based on using the equivalent of Philips/Norelco compact fluorescent
bulbs (8 18 Watt each and a lighting efficacy of 61 lumens per Watt --
i.e., the output of 75 Watt bulbs) for 3/4 of the lighting requirements
and ordinary incandescents (@ 16 lumens per Watt) for the rest.



Table 4. Site Energy Intensity Factors for Commercial Buildings

(GJ/ sq. m./yr.)

Average 1979 Building Stock (a) 0.82 0.49 1.31

Current US Practice (b) 0.16 0.57 0.73

AIA/RC Redesigns (D) 0.07 0.40 0.47

AIA LCC Minimum Designs (b) 0.04 0.28 0.32

Enerplex South, Princeton, NJ (c) - 0.31 0.31
NOTES

(a) For an average of 2700 heating degree C days. See (Energy Information
Administration, December 1983).

(b) Table 1.12 (p. 39) and Figure 1.61 (p. 156) in (Solar Energy Research
Institute, 1981).

(¢) For 2700 heating degree C days. Calculated, not measured values. See
(L.K. Norford, June 1984).



Table 5.

(Exajoules per Year)

Alternative Final Energy Use Scenarios for the US Transportation Sector

Transport Mode 1980 2020
GNP/C up 50% GNP/C up 100%

Fuel Elect. Fuel Elect. Fuel Elect.
Automobiles and Light Trucks 14.5 (a) = 3.5 (b) = 3.5 (b) =
Commercial Air Passenger Transport 1.6 (¢) - 2.2 (d) =~ 3.5 (d) -
Intercity Truck Freight 1.6 (e) = 1.5 (f) = 1.9 (f) -
Rail Freight 0.6 (g) - 0.5 (h) 0.2 (h) 0.7 (h) 0.2 (h)
TOTALS 20.8 - 10.2 0.2 12.1 0.2

Notes for Table 5

(a)
(v)

(e)

(d)

(e)

See (Office of Policy, Planning, and Analysis, November 30, 1981).

Here it is assumed (i) that the number of light vehicles per person
aged 16 and over is 0.80 (compared to 0.78 in 1980) and (ii) that the
average light vehicle is driven 17,000 km (10,600 miles) per year,
the same amount as in 1980. It is assumed that the average fuel
economy of light vehicles is increased by 2020 to 3.1 liters per 100
km (75 mpg) -- an average for a car population that might be 20% 2-
passenger vehicles @ 2.1 liters per 100 km (110 mpg), 50% 4Y-passenger
vehicles @ 3.0 liters per 100 km (78 mpg) and 30% 5/6 passenger cars
plus light trucks @ 4.1 liters per 100 km (58 mpg).

Total air travel [domestic and international travel via certified
route air carriers plus travel by charter (supplemental) air carriers]
in 1980 amounted to 420.6 billion p-km @ an average fuel intensity of
3.82 MJ per p-km (23.1 passenger miles per gallon). See (Bureau of the
Census, December 1981).

Here it is assumed: (i) that the historical relationship between
revenues R and GNP (each expressed in billions of 1972$%) established
in the period 1970-1979:

R = 9.017 x 10 =5 x (anp)1+6%  » - 0.959,

persists in the future; and (ii) that the revenue per p-km remains
constant at the 1980 level ($0.038 per p-km). It is assumed that the
average energy intensity of air travel can be be reduced in half,
1980-2020.

Total intercity truck freight in 1980 amounted to 825 billion tonne-km
@ an average fuel intensity of 2.0 MJ per tonne-km. See (G. Kulp and
M.C. Holcomb, 1982).



Notes to Table 5, cont.

(f)

(g)

(h)

Here it is assumed: (i) that the historical relationship between the
total volume of truck and rail freight F(t+r) (in billion tonne-km)
and GNP (in billion 1972$%) established in the period 1971-1980

F(t+r) = 4.14 x (GNP)0.86, r = 0.94,

persists in the future; and (ii) that the truck/rail mix of freight is
maintained at the 1980 level. It is assumed that the energy intensity
of truck freight is reduced in half, 1980-2020.

The rail freight volume in 1980 amounted to 1345 billion tonne-km € an
average fuel intensity of 470 kJ per tonne-km. See (G. Kulp and M.C.
Holcomb, 1982).

It is assumed here that: (i) by 2020 half of rail freight is
electrified; and (ii) in terms of final energy, the electricity
intensity of electric rail freight is 1/3 that of diesel rail freight.



Table 6. Fuel Economy for U4-passenger Automobiles (a).

Car Status Fuel Economy Power Curb weight Drag
1/100 km (mpg) (kW) (kg) Coef.

1981 VW Rabbit

gasoline commercial 7.9 (30) 55 945 0.42

diesel commercial 5.3 (45) 39 945 0.42
Honda City Car

(gasoline) commercial 5.0 (47) 46 655 0.40
VW Experimental

Car 2000 (b) prototype 3.8 (62) 33 786 0.25
Volvo LCP 2000 (c) prototype 3.6 (65) 66 707 0.27
Volvo LCP (potential) (d) design 2:75 (85) & S o
Cummins/NASA Lewis

Car (e) design 3.0 (79) 51 1360 -
Diesel Pertran (f) design 2.3 (100) — 545 0.25

NOTES

(a) The world average automobile fuel economy was 13 1/100 km (18 mpg) in
1978.

(b) 3-cylinder, direct injection, turbocharged diesel engine; more
interior space than the Rabbit; engine off during idle and coast.

(¢) 2-passenger + cargo or Y-passenger; 3-cylinder, heat-insulated,
direct-injection, turbocharged engine with multi-fuel capability
(Volvo Car Corporation, 1984),

(d) The Volvo LCP 2000 plus CVT and engine off during idle and coast
features (personal communication from Rolf Mellde, Volvo Car
Corporation, to Frank von Hippel, 1985).

(e) U4-5 passenger; 4d-cylinder, direct-injection, spark-assisted, multi-
fuel capable, adiabatic diesel with turbo-compounding; 1984
model Ford Tempo body (R.R. Sekar, R. Kamo, and J.C. Wood, 1984).

(f) pre-chamber diesel engine with supercharger; CVT; flywheel for energy
storage in braking (S.L. Fawcett and J.C. Swain, 1983).



Table 7. Historical Energy Requirements Per Unit of Output for Selected
Chemicals Produced in the US

Soda Ash

Date Energy
(GJ/tonne)
1868 60
1894 31
1911 28
1925 17
1942 15
1970 14

Ethylene Dichloride

Date Index
1967 100
1973 15

Ammonia

(Haber-Bosch Process)

Date Energy
(GJ/tonne)
1917 93.0
1923-50 81.0
1965 52.0
1972 46.5
1978 1.2

Ethylene Oxide

Date Index
1970 100
1973 85
1974 79

Source: (Robert V. Ayres, 1981).

Chlorine

(Diaphragm Cells)

Date Electricity

(kWh/tonne)

1916 4400
1947-73 3300
1980 2400

Polyethelene

1956 100
1973 4o
1975 18



Table 8.

Unit energy requirements (in GJ/tonne) for raw steel production
in Sweden, with a comparison to present US practice (a)

ALTERNATIVE NEW TECHNOLOGIES (b)

I (e) II (d) III (e) IV (f)

Sweden Modern Maximum Elred Plasma- UsS

Ave., Tech- Energy Smelt Ave.,

1976 (b) nology Recovery 1980 (g)
electricity (h) 2.9 1.8 1.8 1.3 4,2 2.0
oil and gas 7.6 4.3 2.2 1.3 1.3 7.5
coal 1.9 9.0 9.0 9.4 3.3 17.5
TOTAL 22.3 15.1 13.0 11.9 8.7 27.0
NOTES

(a)

(b)

(e)

(d)

(e)

(f)

(g)

(h)

Here the mix of iron ore and scrap feedstocks is assumed to be 50/50,
which is approximately the present average for both Sweden and the US.

Source (T.B. Johansson, P. Steen, E. Bogren, and R. Fredricksson,
January 1983).

This energy structure should result from changes planned for the mid-
1980s by the Swedish steel industry.

Same as "Modern Technology", except that the potential for energy
recovery with presently commercial technology has been fully
exploited.

Same as '"Modern Technology", except that the blast furnaces are
replaced by a process called Elred, which is under development by
Stora Kopparberg AB (S. Eketorp et al., 1980).

Same as "Modern Technology", except that the blast furnaces are
replaced by a new process called Plasmamelt, which is under
development by SKF Steel AB (S. Eketorp et al., 1980).

For 108 million tonnes of produced raw steel. The energy consumption
data by energy carrier are from (Energy and Environmental Analysis,
February 1983).

Here electricity is evaluated at 3.6 MJ per kWh (i.e.,
generation, transmission,

losses in
and distribution are not included).
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1074 (a)
15.1 (c)
5.1 (c,d)
4.1
b7
18.8

Table 9. Alternative Final Energy Use Scenarios for the US Industrial Sector
1972 1980 2020

Industrial Output (billion 1972%) 406.1 (a) 4eu4.7 (a) 837 (a)

Annual Fuel Use (Exajoules) 25.2 (b) 23.7 (b) 4.1 (e)

Annual Electricity Use (Exajoules) 2.3 (b) 3.0 (b) 4,7 (ec,d)

Fuel Intensity (MJ / 1972%) 62.1 51.0 16.8

Electricity Intensity (MJ / 1972%) ol 6.4 5.6

Final Energy Intensity (MJ / 1972%) 67.8 57.5 22.5

Notes to Table 9

(a)

(b)

(e)

(d)

Here industrial output is gross product originating in industry
(manufacturing, construction, mining, and agriculture, forestry,
and fisheries). See (14).

Historical data on fossil fuel and electricity use are from (Energy
Information Administration, April 1983a and April 1983b).
Industrial wood consumption data are from (Energy Information
Administration, August 1982b).

Final energy use Ef for the year 2020 is determined by assuming that
(i) the outputs of the basic materials processing (BMP) and

mining, agriculture, and construction (MAC) subsectors of industry
grow only as fast as the population, 1980-2020, because of demand
saturation, and (ii) the average energy intensity of each industrial
subsector [BMP, MAC, and other manufacturing (OMFG)] is reduced in
half, 1980-2020, via energy efficiency improvements. Assumption (i)
implies that in the period 1980 to 2020 the BMP and MAC subsectors
grow 30% and the OMFG subsector grows 2.3-fold and 3.3-fold,
associated with a 50% and 100% increase in per capita GNP,
respectively.

The electrical fraction of final energy use in industry in 2020 is
assumed to be 0.25 (up from 0.11 in 1980).

1980, between "Fel," the electrical fraction of final industrial and
time, persists in the future:

Fel (t) = -6.738 + 0.00346 x t, r = 0.9836.

11

This increase is based on
the assumption that the relationship established in the period 1970 to



Table 10. Alternative Scenarios for Total and Per Capita Final Energy Use in the US

2020
1980 (actual) GNP /C up 50% GNP/C up 100%
—————— Total------- Per Capita -----Total------- Per Capita ————--Total------- Per Capita
(EJ per year) (kW) (EJ per year) (kW) (EJ per year) (kW)
Fuel Elect. Total Fuel Elect. Total Fuel Elect. Total
Residential (a) 8.0 2.6 10.7 1.5 3.3 2.0 5.3 0.6 3.3 2.0 5.3 0.6
Commercial (a) 4.3 2.0 6.3 0.9 1.4 1.8 3.2 0.3 1.4 1.8 3.2 O 3
Transportation (b) 20.8 - 20.8 2.9 10.2 0.2 10.4 1.1 12.1 0.2 12.3 1.3
Industry (c) 23.7 3.0 26.7 3R 14.1 4.7 18.8 2.0 15.1 5.1 20.2 2.2
TOTALS 56.8 7.6 64.4 9.0 29.0 8.7 37.7 4.0 31.9 9.1 41.0 L.y

Notes to Table 10

(a) See Table 1.
(b) See Table 5.

(c) See Table 9.



Table 11. US Primary Energy Supplies (EJ per Year) (a)

1980 2020

Coal 16.22 10.3 (b) 12.3 (b)
0il and Natural Gas 57.60 24.8 (c) 26.6 (c)
Nuclear 2.89 7.5 (d) 7.5 (d)
Hydro 0.99 1.4 (d) 1.4 (d)
Wind and Photovoltaics - 0.9 (d) 0.9 (d)
Biomass 2.34 4.6 (e) 4.6 (e)
TOTALS 80.04 49.5 53.3

Notes to Table 11

(a)

(b)

(e)

(d)
(e)

Here nuclear energy is counted as the thermal energy released in the
fission process (33% thermal efficiency); hydro, wind, and
photovoltaics as the electricity produced.

Assumed to be the residual. Coal-fired power plants are assumed to
have a 40% thermal efficiency.

Assumed to be 1/2 of total primary energy use. 0il and gas fired
central station power plants are assumed to be steam injected gas
turbines with a thermal efficiency of 50% (Marine and Industrial
Engine Projects Department, General Electric Company, July 1984).

Gas fired cogeneration systems are assumed to require 1.5 units of
fuel, in addition to what would otherwise be required to produce steam
alone, for each unit of electricity provided.

See Table 12.

The level projected for 2010 in (Office of Policy, Planning, and
Analysis, October 1983). It is assumed that 1/2 of all cogenerated
electricity is based on biomass. Biomass fired cogeneration systems
[e.g., sawdust-fired gas turbines -- see (J.T. Hamrick, February
1984)] are assumed to require 1.5 units of fuel, in addition to

what would otherwise be required to produce steam alone, for each unit
of electricity provided. Biomass used for other purposes is assumed
to be converted to useful solid, liquid, and gaseous energy carriers @
an average conversion efficiency of T70%.

L



Table 12. US Electricity Supplies (EJ per Year)

1980 2020

Coal 4,18 2.3 (a) 2.5 (a)
0il and Natural Gas 2.13 0.9 (b) 1.0 (b)
Nuclear 0.90 2.5 (e) 2.5 (c)
Hydro 0.99 1.4 (d) 1.4 (d)
Wind and Photovoltaics - 0.9 (d) 0.9 (d)
Cogeneration 0.15 1.4 (e) 1.5 (e)
TOTALS 8.35 9.4 (f) 9.8 (f)

Notes to Table 12

(a) Assumed to be the residual.
(b) Assumed to be 10% of the total.

(¢) It is assumed that in 2020 nuclear generating capacity is 120 GW(e),
the level projected for the year 2000 in (Office of Policy, Planning,
and Analysis, US Department of Energy, October 1983). This implies
that the only plants constructed after 2000 are to replace retired
nuclear units.

(d) The level projected for 2010 in (Office of Policy, Planning, and
Analysis, US Department of Energy, October 1983).

(e) For 1978 it has been estimated that the industrial steam load
technically suitable for association with cogeneration is some 13% of
total industrial fuel use (M.H. Ross, 1981). Here the same percentage
is assumed as a basis for estimating the cogeneration potential for
2020, It is further assumed that the average electricity/heat output
ratio is 210 kWh per GJ, which is typical for gas turbine-based
systems (R.H. Williams, 1978).

(f) Electricity production is the electricity demand shown in Table
10, divided by 0.93, to account for T&D losses.

14
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Figure 1.

The world oil price indicated here is the refiner acquisition cost for
crude oil imported into the US, expressed in 1982 dollars per barrel and
plotted quarterly since 1977. Data since 1976 are from various issues of
the US Department of Energy's Monthly Energy Review. Earlier price data
are from (Energy Information Administration, US Department of Energy,
April, 1984). The demand for oil by non-centrally planned economies is
from (The British Petroleum Company, 1984).
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Figure 2.

Per capita primary energy use, final energy use, electricity use, in kW
(actually kW-years per year), and per capita GNP, in 1972 dollars. Includes
use of wood. Wood data are from (Energy Information Administration, US
Department of Energy, August 1982b) and (Energy Information Administration,
US Department of Energy, November 1984). Other recent energy data are from
various issues of the US Department of Energy's Monthly Energy Review.
Earlier energy data are from (Energy Information Administration, US
Department of Energy, April, 1984).
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Figure 3.

Historical electricity prices, in 1982 cents per kWh. From (Edison Electric
Institute, 1984).



Figure 4.

Historical natural gas prices, in 1982 dollars per GJ. From (American Gas
Association, August 1984) and (American Gas Association, 1981).
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Figure 5.

Per capita expenditures on household fuel and electricity for different
income groups. From data compiled in (R.H. Williams, G.S. Dutt, and H.S.
Geller, 1983).
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Figure 6.

Capital expenditures committed to energy supply, expressed as a percentage
of total expenditures for new plant and equipment in the US. See (3).
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Figure T.

OPEC pricing behaviour: percentage change in the (real) world oil price
from previous year vs. percent of OPEC production capacity used. The
percentage of capacity utilization is equal to crude o0il production divided
by maximum sustainable production for that year. Source (Energy
Information Administration, US Department of Energy, May 1984).
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Figure 8.

Energy energy demand forecasts to the year 2000, versus year of forecast.
Source: (Office of Policy, Planning, and Analysis, US Department of Energy,
1983).
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Figure 9.

Sectoral distribution of employment. The employment measure is the number
of full-time equivalant employees. Data from Survey of Current Business,

various issues.
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Figure 10.

Final energy intensity vs. manufacturing value-added in 1978. Energy use
data are from (M.H. Ross, 1981). The value-added measure is gross product
originating (GP0O), as tabulated by the Bureau of Economic Analysis of the
US Department of Commerce.
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Figure 11.

Trends in the mix of industrial output (Gross Product Originating) for
mining, agriculture, and construction; for the basic materials processing
subsector of manufacturing; and for the fabrication and finishing subsector
of manufacturing; relative to total industrial output.
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Figure 12.

Basic materials use in the US (E.D. Larson, R.H. Williams, and D.
Bienkowski, 1984). The data are apparent consumption (production plus net
imports, corrected for stock changes), except in the case of ethylene, for
which the data are for production. Five year running averages are plotted
in all cases except for steel and cement, where ten year running averages
are plotted.
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Figure 13.

The total cost of owning and operating a car versus automotive fuel
economy, for three fuel prices (the 1981 US level, twice this level, and
half this level). The shaded area represents the added initial cost for
fuel economy improvements. Based on a computer simulation, with the base
car taken to be a 1981 VW Rabbit with a gasoline engine, for which the fuel
economy is 7.9 liters per 100 km (30 mpg). From (F. von Hippel and B Levi,
1983)
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Figure 14.

Final energy use, industrial output (GPO), energy intensity, and average
final energy price for US industry, 1970-1980.
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Figure 15.

Implicit income and energy price elasticities for the energy demand
scenario presented in Table 10, with a 50% increase in per capita GNP,
1980-2020. With alternative assumptions for average final energy prices in
2020 relative to 1981 and for the annual rate of non-price-induced energy
efficiency improvements.
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Figure 16.

Implicit income and energy price elasticities for the energy demand
scenario presented in Table 10, with a 100% increase in per capita GNP,
1980-2020. With alternative assumptions for average final energy prices in

2020 relative to 1981 and for the annual rate of non-price-induced energy
efficiency improvements.
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Notes

Extrapolating form data for the first 9 months of 1981 one finds that
in 1981 the 5.5 million households in the US having cars and incomes
less than $5000 spend $940 per household on 730 gallons of gasoline
for the automobile (Energy Information Administration, February 1983).
Averaged over the total population of 10.4 million households (1/8 of
all US households) in this income class (including those without
carss), the cost is reduced to an average of $500 per household or
$246 per capita per year (189 gallons per year or 790 Watts per
capita), since there were 2.04 persons per households on average in
this income class in 1980 (see Figure 5). This amounts to 15% of
income for this income group.

In contrast, the average US car-owning household (88% had cars) spent
$1400 on gasoline in 1981 (Energy Information Administration, February
1983). Averaged over all households (including those without cars)
expenditures amounted to $1235 per household or $450 per capita per
year (339 gallons per year or 1420 Watts per capita), since on average
there were 2.76 persons per household in 1981. This amounts to 5% of
income for the average household.

In the period April 1980 through March 1981 the 10.4 million
households in the US having incomes less than $5000 spent on fuel and
electricity for their homes $750 per household, or, since there were
on average 2.04 persons per household in this income class, $370 per
capita (for 1.28 kW of fuel and 0.33 kW of electricity or 2.38 kW of
primary energy per capita). [See (Energy Information Administration,
September, 1982)]. This amounts to 24% of income for this income
group.

In the same period, the average US household spent $920 on household
fuel and electricity, or, since theres there were on average 2.76
persons per household, $339 per capita (for 1.02 kW of fuel and 0.37
kW of electricity or 2.25 kW of primary energy per capita). [See
(Energy Information Administration, September, 1982)]. This amounts
to 4% of income for the average household.



3.

(b)
(c)

(d)

(e)

(f)

(g).

(h)
(i)

The following are summary data for capital expenditures on energy supply (billions of current dollars).

New Plant Percentage of New P&E
Capital Expenditures for Energy Supply & Equipment Expenditures Committed
--------------------------------------------------------------------- Elxpenditur‘esg to Energy Supply
0il & Gas? Gas Util.® Elec. Util.®© Nuc. Fuel Cycled Coal® oOtherf Total ——ememmcmmeee- ——
1982 68.4 6.8 4o.2 3.9 .2 1.5 125.0 316.4 39.5
1981 72.1 6.4 35.8 3.0 3.7 1.0 122.0 321.5 38.0
1980 53.9 5.4 35.9 2.4 3.6 0.5 101.7 295.6 4.4
1979 38.1 4.4 35.3 1.9 3.5 0.3 83.5 270.5 30.9
1978 27.4 3.6 30.3 1.87 2.4 = 65.6 231.2 28.4
1977 25.2 2.8 27.7 1.84 1.90 59.4 198.1 30.0
1976 24.0 2.4 25.2 1.52 1.64 54.8 171.5 32.0
1975 20.6 2.5 20.2 0.84 1.32 45.5 157.7 28.9
1974 16.5 3.0 20.6 0.49 0.83 41.4 157.0 26.4
1973 12.2 3.0 18.7 0.37 0.53 34.8 137.7 25.3
1972 10.5 2.8 16.7 0.27 0.60 30.9 120.3 25.7
Notes
(a) 0il and gas expenditures for drilling-exploration, production, refining, petrochemicals, marketing, crude oil and

products pipelines, other transportation, and miscellaneous. Data are from February issues of the 0il and Gas
Journal, various years. Expenditures for mining, other energy, and for lease bonuses are subtracted from the total
capital expenditures tabulated for the 0il and gas industry by the 0il and Gas Journal.

Gas utility expenditures are from Gas Facts, the statistical record of the gas utility industry.

Electric utility expenditures are obtained from the "Annual Statistical Report" Electrical World (March or April
issues, various years).

Includes capital expenditures on exploration and development, mining, and milling; and federal budget outlays for
enrichment services. Data for 1977 and earlier are from Table 7.1, p. 128, in ref. (h). Data for 1979-1982 are
from ref. (i). The value for 1978 was obtained by interpolation.

Data for the years 1978 and earlier are from Table 7.1, p. 128, in ref. (h). Data for 1979-1982 are from ref. (i).
Primarily synthetic fuel expenditures, with relatively minor outlays for solar energy, from ref. (i).

The data presented here are for a data series on new plant and equipment expenditures begun in October 1980. The
new series is considerably expanded (giving $198.1 billion for "total nonfarm business" in 1977, compared to $135.8
billion for Mall industries" in the previous series). The main source of the difference in the totals arises from
the expansion of the series to include: real estate; professional services; social services and membership
organizations; and forestry, fisheries, and agricultural services. Data for 1977 and earlier years are from George
R. Green and Marie P. Hertzberg, "Revised Estimates of New Plant and Equipment Expenditures in the United States,
1947-77T", Survey of Current Business, October 1980. Data for subsequent years are from "Economic Indicators",
prepared for the Joint Economic Committee by the Council of Economic Advisors, January 1985.

Energy Information Administration, Annual Report to Congress 1978, Volume Three, April 1979.

Bankers Trust Company, U.S. Energy and Capital: A Forecast 1980-1990.
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(a)

(b)

(c)

(d)

(e)

he following are 1980 World Energy Conference (WEC) estimates of remaining ultimately recoverable resources of
crude oil, natural gas liquids, and natural gas (in EJ), as of December 31, 1983:

12 112 1IIP IV = I + II - III yP IV/V

Proved Reserves Estimated Additional Production, Remaining Ultimately Consumption

as of 12/31/78 Recoverable Resources 1979 - 1983 Recoverable Resources in 1983 RURR/C(1983)
WORLD
Crude 0il, NGL 4346 10152 670 13828 125 110
Natural Gas 2920 7565 307 10178 61 167
Total 7266 17717 977 24006°¢ 186 129
UNITED STATES
Crude 0il, NGL 193 778 110 8614 32 27
Natural Gas 218 1364 106 1476¢€ 20 T4
Total 411 2142 216 2337 52 45
Notes

From (Federal Institute for Geosciences and Natural Resources, 1980).
From (The British Petroleum Company, June 1984),

The WEC estimate is on the high side of published estimates. In a 1982 publication Exxon estimated that the
world's remaining recoverable oil and gas resources (as of 12/31/84) are in the range 13,600 to 25,800 EJ (Exxon,
1982), corresponding to a 73 to 139 years supply at the current consumption rate.

The WEC estimate is on the high side of published estimates. One of the lower estimates is that of Richard Nehring
at the RAND Corporation, who has estimated that the remaining o0il and NGL resources in the US recoverable at a co»st
of up to $40 per barrel (1980 $) is 487 EJ (range 326 EJ to 757 EJ), as of 12/31/83 (Richard Nehring, 1981).

The WEC estimate is on the high side of published estimates. One of the lower estimates is that of Richard Nehring
at the RAND Corporation, who estimated that the remaining natural gas resources in the US recoverable at a cost of
up to $U40 per barrel of oil equivalent (1980 $) is 352 EJ (range 269 to 453 EJ), as of 12/31/83 (Richard Nehring,
1981).



5. The following are the 1980 World Energy Conference estimates of the
world's remaining recoverable petroleum and natural gas resources
(in EJ), as of January 1, 1979 (a):

Crude 0il and NGL Natural Gas
Estimated Estimated
Additional Additional
Proved Recoverable Proved Recoverable
Reserves Resources Total Reserves Resources Total
Africa 386 1564 1950 288 1024 1312
N. America 235 1140 1375 296 1655 1951
Latin America 370 556 926 185 394 579
Far East/

Pacific 123 583 706 130 394 524
Middle East 2403 2456 4859 808 1182 1990
W. Europe 139 479 618 154 236 390
USSR, China,

E. Europe 689 3192 3881 1060 2522 3582
Antarctic - 182 182 - 158 158
TOTALS 4345 10152 1&&97b 2921 7565 10486

(a) From (Federal Institute for Geosciences and Natural Resources, 1980).

(b) 2.4 trillion barrels of crude oil equivalent.



Using official US Department of Energy cost estimates for new central
station coal and nuclear power plants leads to an average busbar cost

of electricity in the US from an appropriate mix of new baseload,
cycling, and peaking power plants of 5.7 cents per kWh, in 1982%
(a,bycyd). With 8% transmission and distribution losses this
corresponds to an average delivered cost of 6.1 cents per kWh. To

this must be added the average cost of transmission and distribution,
which averaged 1.5 cents per kWh in 1982 (e), bringing the total

average cost of electricity from new plants to 7.6 cents per kWh,

which is about 1/3 higher than the average US electricity price in 1982.

(a) Here we consider a model summer peaking utility (Electric Power
Research Institute, July 1979), where 55% of the electricity is
produced in baseload coal or nuclear plants, 42.7% in coal
cycling plants, and 2.3% in peaking power plants fueled with
distillate oil. This distribution of output would arise for a
utility characterized by a 59% load factor, a 25% reserve margin,
baseload plants that operate at 65% capacity factor, and the
following distribution of installed capacity: 40% baseload; U5%
cycling; 15% peaking. Under these conditions the cycling and
peaking plants would operate at 45% and 7% average capacity
factors, respectively.

(b) Government and industry estimates of the busbar costs (in 1982
cents per kWh) of new central station plants are the following:

Baseload Baseload Cycling Gas Turbine
Nuclear (¢) Coal (c) Coal (d) Peaking (d)

Capital 3.39 2.01 3.17 5.67
Fuel 0.99 2.30 2.40 11.06
0&M 0.60 0.48 0.57 0.50
TOTALS 4,98 4,79 6.14 17.23

(¢) US average values, for 65% average capacity factor, as estimated
in (Energy Information Administration, August 1982a). The capital
costs assumed in this USDOE analysis were (in 1982 $) $1800 and
$1100 per kW for nuclear and coal plants, respectively.

(d) These are based on capital and 0&M cost estimates and performance
data given in (Electric Power Research Institute, July 1979),
future coal prices as estimated by the USDOE (Energy Information
Administration, August 1982a), and a distillate price of $7.50 per
GJ (the average price in 1982).

(e) This is the average value for 1980, expressed in 1982 dollars
(Energy Information Administration, June 1983).



7. The following are estimated unit costs for various unfinished nuclear power plants in the US (a):

Plant Name

Bellefonte 1 & 2 (Ala.)

Diablo Canyon 1 & 2 (Cal.)

Millstone 3 (Conn.)

Alvin W. Vogtle 1 & 2 (Ga.)

Clinton 1 (Ill.)

Wolf Creek (Kansas)
Riverbend 1 (La.)
Waterford 3 (La.)
Midland 2 (Mich.)
Enrico Fermi 2 (Mich.)
Grand Gulf 1 (Miss.)
Callaway 1 (Mo.)
Seabrook 1 & 2 (N.H.)
Hope Creek 1 (N.J.)
Shoreham (N.Y.)

Nine Mile Point 2 (N.Y.)
Shearon Harris 1 (N.C.)
Perry 1 & 2 (Ohio)
Beaver Valley 2 (Pa.)
Susquehanna 2 (Pa.)

Limerick 1 & 2 (Pa.)

Original Cost Estimate
rrent. $ per kW)

300
280
345
1126
460
680
380
210
430
210
360
490
380
560
320
350
280
260
390
1050

800

South Texas Project 1 & 2 (Tx.) 400

Most Recent Cost Estimate
(current 3 per kW)

2230
2050
3060
2970
3050
2320
2680
2340
5460
2810
2400
2540
2420
3550
5010
3820
3110
2160
3700
3900
3030

2200

Expected Completion Date

March '84 and April '85
April '86
March '87 and Fall '88
November '86
March '85
December '85
December '84
Mid '86
December '8U4
Late '84
December '84
July '85 for 1; future of 2 uncer‘ain
December '86
July '85
October '86
October '86
April '85 for 1; April '88 for 2
April '86
December ‘84
April '85 for 1; future of 2 uncertain

June '87 for 1; June '89 for 2

(a) Based on a compilation of data from the Atomic Industrial Forum, individual utilities, and state regulatory

agencies (Matthew L. Wald, February 26, 1984).



The data presented in (7) are not strictly comparable to the cost
estimates given in (6), since the costs given in (7) are in mixed
dollars -- some pre-1982 and some post-1982 dollars are mixed in with
1982 dollars. However, Charles Komanoff has calculated the average
cost in constant 1982 dollars, exclusive of interest during
construction to be $2000 per kW for the 35 nuclear projects in the US
which in late 1983 were scheduled for completion after 1981 (personal
communication from Charles Komanoff to Robert Williams, March 8, 1983).

To this "overnight" construction cost one must add the cost of
interest during construction. If the interest rate is "i" and there
are 10 payments, with fraction "fn" of the capital cost paid off with
the "nth" payment, then the total installed unit capital cost
(including interest during construction) is given by:

10
$2000 x 33 £ x (1 + )T = 0/10),
n = 1

Using this formula one obtains a total average cost of $2350 per kW in
1982%, assuming a 5% real interest rate, a construction period of 7.8
years (Energy Information Administration, August 1982a) and the
following payment schedule, from (USAEC, October 1974):

n fn n fn
1 0.01 6 0.33
2 0.01 7 0.09
3 0.03 8 0.10
4 0.13 9 0.04
5 0.24 10 0.02 -

The value of the installed cost calculated this way would usually
still be less than the actual installed cost both because real
interest rates today are much higher than 5% and because the
construction period for nuclear power plants today is typicaly much
longer than 7.8 years.



10.

The ENERPLEX South Building in Princeton, NJ, represents the "state of
the art" in commercial building design in the US. The energy
performance of one of these buildings, ENERPLEX South, has been
studied in depth via computer simulation by Norford (Leslie K.
Norford, June 1984). Noteworthy energy-saving features:

o) The windows are designed to exploit opportunities for
day-lighting. They have an upper transom portion fitted with
reflective blinds to direct sunlight to the ceiling for
distribution to the interior of the offices.

o Windows are also designed to exploit opportunities for passive
solar heating. The lower "vision" portions of the windows on the
south side are large and selectively shaded to block out the high
summer sun but to allow the low winter sun to penetrate.

o) The fluorescent lights in the offices have an efficacy of 83
lumens/Watt, compared to an average of about 65 lumens/Watt for
lighting systems in typical existing commercial buildings.

o The windows have double glazing, and the solid parts of
the walls (63% of the wall area) have an insulating value
equivalent to 10 cm of fiberglas insulation.

o) The building is heated and cooled with ground water heat pumps.
The heat pumps have a COP of 2.18 in the heating mode and 4.26 in
the cooling mode.

o) Summer cooling involves use of an "economizer" cycle,
in which outdoor air is used for cooling when the outdoor
temperature is low enough.

Norford (Leslie K. Norford, June 1984) has made some preliminary and
very simple design modifications which indicate that the ENERPLEX
South performance level is by no means close to the technical or
economic l1limit as to what is achievable. He examined the following 3
measures to improve the energy performance of ENERPLEX South:

o) Simply changing the winter day/night thermostat settings from
20/14.4 degrees C (68/58 degrees F) to 18.3/12.8 degrees C (65/55
degrees F) would save 23% of the heating energy or 3 1/2% of
total building energy.

o) Reducing the ventilation rate in winter and using more outside
air for cooling on cool summer days would also lead to large
savings. The minimum ventilation rate specified for the building
is 0.T4 air exchanges per hour. One could argue that this rate is
much too high. [This minimum ventilation rate is higher than the
the 0.6 air exchanges per hour that would be required if all the
estimated 800 workers were smokers; if smoking were banned the
minimum ventilation rate would have to be only 0.15 air changes
per hour.] But a more serious problem is that in practice the



ventilation rate in winter is far higher than the specified
minimum value, because of the design condition that the air must
be supplied at a temperature of 12.8 degrees C (55 degrees F) to
the offices, where it is heated to the desired room temperature.
Outside air flow in excess of the minimum amount is needed in
winter whenever the outside temperature is in excess of - 3
degrees C (27 degrees F), in order to keep the total air supply
(ventilation air plus recirculated air) this cool. At a temperature
of 5 degrees C (41 degrees F), which is about the average for the
winter, the required outside air flow would be double the minimum
value. Increasing the air supply temperature to 15.6 degrees C
(60 degrees F) would reduce the outside air flow in winter, allow
for greater use of outside air for cooling in summer, and lead to
energy savings of 10% for space conditioning and 5% overall.

o] Adding variable speed motor controls to the large, centralized
air circulation fans would save about half of the energy used by
these fans or 6% of total building energy use.

If all of these measures were pursued together the overall savings
would be about 1/8 of the design level of energy Use, somewhat less
than the linear sum of the three options considered independently.
Only one of these measures, the addition of variable speed motor
controls to the centralized air circulation fans, would involve
additional first costs, and here the cost of saved energy (assuming a
10% real discount rate) would be about 1/4 of the 1983 electricity
price (11).

Norford's analysis did not exhaust the possibilities for improvement.
Even in the area of lighting, which was given so much attention in the
ENERPLEX design, there are further opportunities for savings.

First, since the ENERPLEX building was designed, even more efficient
fluorescent bulbs with electronic ballasts have become commercially
available (12) -- characterized by an overall lighting system efficacy
of 104 1/Watt, which is 25% higher than that of the ENERPLEX system.
Even in the ENERPLEX buildings, where the extensive use of day-
lighting means that the fluorescent lights are used only about 1/5 of
the time on average, it would be worthwhile to invest in the more
efficient bulbs, because the cost of saved energy would be only about
3/4 of the 1983 electricity price (13).

In addition, the lights in the corridors and atrium of the building
are incandescent bulbs which account for 28% of the total lighting.
These could be replaced by compact fluorescents or other high
performance screw-in bulbs that are starting to come onto the market,
and which require only about 1/4 of the electricity of incandescent
bulbs of comparalbe output.

Nor is this the end of the story. The design improvements for
ENERPLEX considered by Norford also do not take into account potential
improvements in the heat pump. The heat pump technology used in



11.

12.

13-

ENERPLEX is hardly state-of-the art. The "grey water heat pumps" used
for district heating in Sweden have a COP = 3.3, 50% higher than the
heating COP at ENERPLEX, and even small heat pumps now used to extract
heat from the ground for residential buildings in Sweden have a higher
COP [in practice a COP of 2.3 to 2.4 (personal communication from
Kausko Karpinen, Swedish National Testing Institute, Boras, Sweden, to
Per Svenningsson, University of Lund, Sweden, January 1984)].

With the existing fans the required variable air flow is obtained by means

of throttling, with the fan motors running at full speed all the time.
With variable speed controls the variable flow is instead obtained by
varying the speed of the motor, resulting in considerable savings.
ENERPLEX South has two 37.5 kW supply fans and two 15 KW return fans.
Norford estimated that the variable speed controls for these two fan

sizes would cost $125 and $142 per kW, respectively. The total installed

cost would be $16,300, if installation adds 20% to the equipment cost.
Norford estimated that the total savings associated with these controls
would be 73 MWh per year (66 MWh direct savings, plus 9 MWh from
reducing cooling requirements, minus 2 MWh from increased heating
requirements). Assuming a 15 year equipment life and a 10% real
discount rate this corresponds to a cost of saved energy of $0.029 per
KWh; for comparison the price of electricity in 1983 (energy plus
demand charges) was $0.108 per KWh for this class of customer.

The new lighting systems involve GTE/Sylvania Octron lamps and
Ballastrar electronic ballasts made by the Triad-Utrad Division of
Litton Industries. A two lamp fluorescent fixture with an output of
6000 lumens would have a total power consumption (bulb plus ballast)
of 29 Watts per bulb. Lamps (2) would cost $6 and the ballast $30 --
both costs being twice the cost for conventional alternatives which
are characterized by a system efficacy of 70 - 80 1/Watt. The ballast
is expected to last 60,000 hours (the same as for a conventional
ballast), the bulbs 15,000 hours (compared to 20,000 hours for
conventional bulbs).

From Table 2.5, p. 46, in (Leslie K. Norford, June 1984) it is seen
that in the offices and building core there are 3771 fluorescent bulbs,
each consuming 67.6 kWh per year. By shifting to the more efficient
bulb there would be a direct savings of 13.7 kWh per year and a total
savings (from adding in the air conditioning savings and subtracting
out the additional heating requirements) of about 15 kWh per year.

In addition, since the lamps would be used on average 1932 hours per
year, the ballasts would last 31 years, the more efficient bulbs 7.8
years, and the conventional bulbs 10.4 years. The net discounted extra
system cost (assuming a discount rate of 10%) of the more efficient
system, over the 31 year ballast life, would be [from the cost data
given in (12)] $10.7 per lamp. Thus the cost of saved energy would be

CSE = 0.106 x $10.67/15 kWh = $0.075 per kWh,

compared to a 1983 electricity price of $0.108 per kWh.
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14. Demographic and economic parameters relating to the energy scenarios developed in the text:

1980
1990
2000
2010
2020

(a)

(b)

(e)

Population (a) Household Parameters (b) Employment (c) Economic Product (billion 19723%)
Total Age >16 # of HH HH Size Industry Services Total High Growth Scenario (c¢) Low Growth Scenario (d)
(million) (million) (million) (persons) (million) (million) (million) GPOi  GPOs GNP GPOi GPOs GNP
227.7 169.4 81.6 2.76 26.4 59.6 85.9 4oy.7 1010.3 1475.0 4eu.7 1010.3 1475.0
249.7 191.9 93.1 2.61 28.4 73.3 101.7 635 1431 2066 581 1306 1887
268.0 208.2 101.5 2.57 28.3 82.0 110.3 776 1826 2592 674 1536 2210
283.1 221.1 109.9 2.50 27.0 90.2 117.2 908 2270 3178 T47 1776 2523
296.3 234.9 119.2 2.42 26.0 98.5 124.5 1074 2813 3887 837 2042 2879

This is the "middle series" of the Bureau of the Census, in which fertility averages 1.9 births per woman (up from 1.83
births per woman in 1980) and net immigration averages 450,000 per year. See (Bureau of the Census, October, 1982).

The projection of the number of households is obtained as follows:

o

o

The household population is assumed to be 97% of the total population, the average percentage in the 1970s.

The size "S" of the average household is determined as a function of "A" the adult fraction of the population (the
fraction aged 18 and over) by regressing "S" versus "A" over the period 1970 to 1981. The result,

S = 7.205 - 6.187 A, r = 0.9969,

is used here to estimate future household size, and from this the future number of households is estimated.

A high growth scenario is defined in which (i) the economy returns to full employment (4% unemployment) and (ii) the average

annual growth rates for the productivities of the goods producing and services producing sectors have the same average values
in the future as the long term (1953-1978) historical average values -- 2.07% per year for goods production and 1.29% per

year for services production.

The numerical values for employment, output, and productivity -- the quantities:

Li employment in industry,

Ls = employment in the service sector,

5 = Li + Ls = total employment

GPOi = gross product originating in industry,

GPOs = gross product originating in the service sector,
GNP = GPOi + GPOs = gross national product,

Pi = GPOi/Li = productivity in industry,

Ps = GPOs/Ls = productivity in the service sector,

can be determined for each year, assuming the initial values for 1980, the above assumptions about productivity growth rates
and the return to full employment, and the following empirical relationship between industrial output and GNP, reflecting the
ongoing shift to services, obtained via regression analysis for the period 1970-1980:



(d)

15.

(a)

GPOi = 1.1075 x GNP+832,  r = 0.9639
Here both GNP and GPOi are measured in billion 1972%.
Future total employment "L" is estimated to be:
L = al x a2 x a3 x ali x P>16 = 0.53 x P>16,

where
P>16 = population aged 16 and over,

al non-institutionalized fraction of P>16 = 0.985 (historical average value assumed)

a2 = labor force participation rate = 0.65 (assumed to be the 1979 value)

a3 = ratio of the number working to the size of the labor force = 0.96 (4% unemployment assumed)
all = ratio of full time equivalent employees to total employment = 0.86 (historical value assumed)

The resulting high growth scenario involves a doubling of per capita GNP, 1980-2020.
An alternative low growth scenario is defined having (i) the same employment levels and distribution as in the high growth

scenario, but (ii) per capita GNP increasing only 50%, 1980-2020. For this scenario the productivity growth rates would
average 1.52% per year and 0.50% per year for the goods producing and services producing sectors, respectively.

Distribution of US housing by heating fuel type and vintage (millions) (a)

Vintage 1980 2020

Fuel Elect. Total Fuel Elect. Total
Pre-1981 67.3 14.3 81.6 4.1 8.7 49.8
1981-1990 - - - T 7.2 4.4
1991-2020 - - - 27.5 27.5 55.0
Totals 67.3 14.3 81.6 75.8 43.4 119.2

The projection to 2020 is based on the demographic projection given in (15) and the assumptions that (i) half of all
new households will be electrically heated and (ii) the housing stock turns over with a characteristic half-1life of 55 years
(corresponding to a mean dwelling lifetime of 80 years).



16. Alternative heating and cooling load norms for the year 2020,
by Vintage (GJ per year) (a)

Pre-1981 1981-1990 1991 and Beyond All Vintages

- — - ——— i ——— — ————— —— o —

Space Heating

Fuel 35: 5 (b)) 23.6 (c) Tsa )
Electricity 17.5 (e) 20.3 (e) 7.5 (d)
Air Conditioning
Central and HP 20.9 (f)
Room 7.0 (f)
Water Heating 7.3 (&)

(a) The heating or cooling load is defined as the output of the mechanical
equipment providing the heating or cooling.

(b) The actual average levels of fuel use for space heating in the US in
1980 [67 GJ, 47 GJ, and 38 GJ respectively for oil, gas, and LPG
heated houses, respectively (US Energy Information Administration,
October, 1983)] can be converted to heat loads by assuming that
furnace efficiencies in 1980 averaged 66% for oil and 60% for gas and
LPG. Heat loads in the year 2020 are assumed to be 30% lower, on
average, due to energy saving retrofits -- reflecting the experience
in the Modular Retrofit Experiment (G.S. Dutt, M. Lavine, B. Levi,
R.H. Socolow, 1982).

(e¢) This is the average of the heat load for new efficient houses that
would be built after 1990 (note d) and that for new houses being built
now [39.6 GJ per year for fuel-heated units and 33.0 GJ per year for
electrically heated units -- this is 139/149 times the average for new
single family units (Williams et al., 1983), to account for the
smaller floor area (139 sq. m.) of the average housing unit, compared
to that of single family units (149 sq. m.)].

(d) This is the heat load that would result if an EEHDP house with a
heated floor space of 139 square meters (the average for the US
housing stock in 1980) were constructed in a US climate typical for
new construction in the 1980s (2300 DD). An EEHDP house is one with a
median level thermal performance (the heat output required of the
heating system, per degree day per square meter of floor area) for the
97 houses that were built and monitored under Minnesota's Energy
Efficient Housing Demonstration Program. See Table 2 and (Williams et
ah, 1983)'

(e) Electrically heated houses have traditionally been thermally tighter
than fuel heated houses in the US; accordingly no improvements in the
building shell are assumed for electrically heated houses built before
1981. The value given here is the average heat load for electrically
heated houses in 1980 (US Energy Information Administration, October
1983).
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(f) This is the average heat load in 1980, assuming that the average COP
= 1.9 and that the room air conditioner cooling load is 1/3 of the
central air conditioning load (US Energy Information Administration,
October, 1983).

(g) This is the estimated average demand level for hot water for an
average household size of 2.42, assuming 100% saturation of low-flow
showerheads, and energy efficient dishwashers and clothes washers. The
assumed per capita hot water load is 2/3 of the average value in 1980.

17. Energy performance characteristics for US heating and cooling devices (a)

System Performance Index Average Average Best
1980 Stock 1980 New 1982 New
Gas Furnace average fuel util- 0.60 0.69 0.95
ization efficiency
Electric Heat heating season per-
Pump formance factor
Heating 1.7 1.7 2.6
Cooling 1.9 2.2 3.3
Air Conditioner cooling season per-
formance factor
Central 1.9 2.1 4.1
Room 1.9 2.0 3.2
Gas Water overall efficiency
Heater
Stand Alone 0.4y 0.48 0.62
Furnace Add-On - - 0.83
Electric Water overall efficiency 0.73 0.80 2.2
Heater or COP

(a) See (Williams et al.,1983).
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18.

Alternative energy performance levels for miscellaneous appliances

Appliance Electrical Units (kWh/year) Fuel-Fired Unit (GJ/year)
1980 (a) 2020 1980 2020
Refrigerator/Freezer 1670 580 (b) - -
Freezer 1340 560 (b) - -
Range 750 750 (e) 7.4 (f) 5.3 (e)
Dryer 1200 920 (e) 5.4 (f) 4.3 (g)
Lights 1000 300 (d4) - ~-

(a)
(b)

(e)
(d)

(e)

(f)

(g)

See (R.H. Williams et al., 1983).

In 1982 the most energy efficient refrigerator/freezer (R/F)
commercially available was a 510 liter (18 cf) frost-free Amana that
uses 870 kWh per year. Also a prototype 510 liter Kelvinator with a
compressor 30-40% more efficient than conventional compressors being
field tested in 1982 consumes only 710 kWh per year. If this
compressor were added to an R/F with the features already used in the
Amana, the result would be an R/F with a unit consumption of 580 kWh
per year. The most energy efficient freezer commercially available in
1982 was a U425 liter (15 cf) chest freezer with a unit consumption of
710 kWh per year. Adding an efficient compressor to this unit would
lead to the consumption level shown. See (Howard S. Geller, 1983).

The most energy efficient model commercially available in 1982.

Compact fluorescent bulbs with electronic ballasts and an efficacy of
40 to 60 lumens per watt and commercially available in 1983 are
assumed to replace those ordinary incandescents which are used the
most. Incandescents have an efficacy of only 11 to 18 lumens per
watt.

The average for new appliances in 1980. See (R.H. Williams et al.,
1983).

The US average for gas appliances in use in 1982. See (American Gas
Association, March 2, 1984).

The US average for units with spark ignition in 1982. See (American
Gas Association, March 2, 1984).
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19. Projection and distribution (by vintage) of commercial floor space
(billion square meters)
1979 1990 2000 2010 2020 (a)

Vintage

Pre-1980 4,13 (b) 2.59

1980-1990 0.90

1991-2000 0.78

2001-2010 0.93

2011-2020 1.17

4,13 4,96 (e¢) 5.45 (¢) 5.90 (e) 6.37 (e)

(a) The distribution of commercial floor by vintage in 2020 is determined
45 years.

(b) (Energy Information Administration, March 1983).

(e) The projection of commercial floor space (A, in billion square meters)
is based on a regression against service sector employment (Ls, in
million full time equivalent employees in industries other than
mining, and manufacturing) for the period 1970 to 1979:

A = 0.876 + 000558 LS’ r = 009910
Employment data are from the Survey of Current Business, various
issues. The historical data on construction data are those used in the
ORNL commercial sector model (see d), with 1.21 billion square meters
of floor area added to bring the ORNL series in line with the recent
survey (b).
(d) (R.W. Barnes et al., May 1980).
20. Energy intensity norms for the year 2020, by vintage
(GJ per square meter per year)

Vintage Fuel Electricity

Pre-1980 0.46 (a) 0.23 (a)

1980-1990 0.10 (b) 0.43 (b)

1991-2020 0.04 (e) 0.28 (e)

(a)

(b)

Following the discussion in the text, a 50% retrofit savings is
targeted relative to the energy intensity of the existing building
stock.

For the period 1980 to 1990 the average performance is assumed to be a
simple average of the post-1990 target performance and current
practice (0.16 GJ and 0.57 GJ per sq. m. per year for fuel and
electricity, respectively).
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(e)

21.

The average energy performance of the American Institute of Architects
Life-cycle Cost Minimum Designs (see Table 4) is assumed to be the
norm, on the average, for the period 1991 to 2020.

The energy projections presented in Table 9 for the industrial sector
can be expressed in terms of output and price elasticities via the use
of a simple model relating final energy use in industry (FE) to
industrial output [gross product originating in industry (GPO), the
average final energy price Pe, and a rate of energy efficiency
improvement (c¢) that is not price induced:

FE (t) = A x [GPO (£)1® x [P (£)1™P /(1 + o)t

where "A"™ is a constant, "a" is an industrial output elasticity, and
"-b" is a long run final energy price elasticity. The parameter "c" is
introduced here to account for energy efficiency improvements that are
not price-induced. Such improvements have come about historically
even during periods of declining energy prices as new industrial
processes have been introduced (C. A. Berg, 1978). In the future such
improvements could also be induced by public policies that encourage
energy efficiency improvements.

In applying this model to the industrial energy demand scenario
presented in the text, a comparison is made of values for the years
1972 and 2020. The year 1972 is chosen as the base year because it is
the last year before the energy price shocks. From the values
presented in Table 9:

FE(2020)/FE(1972) = 0.68 (0.73),
and
GP0(2020) /GP0O(1972)

2.06 (2.64),
for the case where per capita GNP increases 50%, 1980-2020.

Nordhaus has estimated that the output elasticity for industry in the
US is 0.62 (Robert S. Pindyck, 1979a), a value which will be assumed
here.

Economists generally believe that the long run price elasticity for
final energy demand in the industrial sector is in the range - 0.5 to
- 0.9 [see, for example (Robert S. Pindyck, 1979b)], and Norhaus has
estimated that the most probable value is - 0.7 (W.D. Nordhaus and
G.W. Yohe, 1983).

For the case where all energy efficiency improvements are price-
induced (¢ = 0) and there is no energy price increase beyond that in
1981 [i.e., P_(2020) = P_(1981) = 3.27 x P(1972) —- see (Energy
Information Administration, US DOE, June 1984)], the industrial energy
use levels projected in Table 9 would be consistent with a final
energy price elasticity of -0.7 (-0.8), if per capita GNP increases
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50% (100%), 1980 to 2020.

For the case where ¢ = 0.005 and there is no energy price increase
beyond that in 1981, the industrial energy use levels projected in
Table 9 would be consistent with a final energy price elasticity of -
0.5 (0.6), if per capita GNP increases 50% (100%), 1980 to 2020.

For the case where ¢ = 0.01 and there is no energy price increase
beyond that in 1981, the industrial energy use levels projected in
Table 9 would be consistent with a final energy price elasticity of -
0.3 (0.4), if per capita GNP increases 50% (100%), 1980 to 2020.

For cases with energy prices in 2020 that are higher than in 1981, the
industrial energy use levels projected in Table 9 would be consistent
with lower energy price elasticities. While the US Department of
Energy has projected average final industrial energy prices for the
year 2010 that are 1.7 - to 2.6 = fold higher than in 1981 (Office of
Policy Planning and Analysis, US Department of Energy, October 1983),
energy prices would tend to be lower for the low energy demand future
presented here.
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