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Abstract

We estimate the appropriate rate of world average annua energy intensity decline to be
used in calculating the amount of carbon-free energy required to stabilize the level of CO,
in the atmosphere at some level, such as 550 ppmv in 2100.

We distinguish between the roles played by energy efficiency and long term sectora
changes, i.e., shiftsin economic activity from high energy intensity sectors or industriesto
low energy intensity sectors or industries, such as the service industries. Improvementsin
energy efficiency comprise both those that arise from advancesin technology and
improved procedures and those that arise from wider adoption of the most efficient
technologies available.

Our procedure isto estimate the potential energy efficiency increase for the 110 years
between 1990 and 2100 for world e ectricity generation (38% of world energy consumption
in 1995), transportation (19%) and for residential, industrial and commercial uses (43%).
Our result shows an overall average decline in energy intensity in 2100 to 40.1% of what it
wasin 1990. Thisisequivalent to an average annual rate of energy intensity decline of
0.83% for 110 years.

Sensitivity anaysis shows that the impact of sectoral changes on the average annua rate of
declinein energy intensity could add between 0.16% and 0.30% to the 0.83% attributable
to improvements in energy efficiency. Together, energy efficiency improvements and
sectoral changes are estimated to allow an average annual rate of decline in energy intensity
of 1% to 1.1% for the 110 year period 1990 to 2100.
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Introduction

Our argument that new sources of energy are needed if global climate changeisto be
averted was initial ?/ E)reﬁented as aCentre for Climate and Globa Change Research Report
(C?’GCR) No. 92-6'*? in 1992, and has since appeared in subsequent articles and
presentations. In our second C°GCR report No. 2001-1® in 2001, we quantify the amount
of carbon-free energy required annually to stabilize the level of CO2 in the atmosphere by

building on the framework developed by Hoffert et al. (1998)®. It also touches on the
issue of what is the attainable energy efficiency for 110 years from 1990 to 2100.

Thisreport, C’\GCR 2001-7, is adetailed analysis of the attainable average annual energy
intensity decline from 1990 to 2100. The main component of energy intensity declineis
energy efficiency, which when combined with sectora changes gives a measure of overall
energy intensity decline. Sectora changes are defined as shifts in economic activity from
high energy intensity sectors or industries to low energy intensity sectors or industries, such
as most service industries, thereby reducing the energy required per unit of GDP.

The conclusion from the analysis in C’*GCR 2001-7 that “.... the average annual energy
intensity declineis between 1.0 and 1.1%" is consistent with our suggestion in C’GCR
report 2001-1, “...that, on average, world energy consumption per unit of output reaches a
lower limit of about one third the level in 1990, which is equivalent to an annua average
increase in energy efficiency of 1% from 1990 to 2100.” It aso supports the work of
Hoffert et a.) in calcul ating the amount of carbon-free energy that would be required in
2100 to stabilize the level of CO, in the atmospherein 2100, i.e., Given the population and
GDP growth rate assumptions employed by Hoffert et a., the 37 TW (1188 EJ) they
calculated by assuming a 1% annual average energy intensity decline for 110 yearsisa
reasonable estimate of what will be needed.

A popular view held by many scientists, environmentalists, politicians and the generad
public isthat energy problems affecting climate change can be solved by conservation,
increases in energy efficiency and the use of renewable energies such as hydro, biomass,
wind and solar. We have shown in C?GCR reports 92-6 and 2001-1 that renewable
energies require too much land to replace fossil fuels on the scale needed. 1n C°GCR report
2001-1, we showed that new, large sources of carbon-free energy are needed if we areto
stabilize the level of CO,in the atmosphere at some level, such as 550 ppmv. Inthisreport
we estimate that there are upper limits on attainabl e energy efficiency increases that will
limit the long term rate of declinein energy intensity.

The multidisciplinary McGill Centre for Climate and Global Change Research (C2.GCR)
was created in March 1990. Its current membership is composed of 17 faculty members
from elght departments, i.e. Atmospheric and Oceanic Sciences, Biology, Chemistry,
Geography, Natural Resource Sciences, and Economics a McGill University and, from the
Université du Québec aMontréal (UQAM), Sciences de laterre and from the Université de
Montréal, Géographie. Theweb siteis: http://www.mcgill.calccger/. Approximately 60
graduate and postdoctoral students are supervised by faculty of the Centre.



Energy intensity decline implications for stabilization of atmospheric CO,
content.

Outline of the general problem

The build-up of greenhouse gases in the atmosphere threatens to alter the world climate by
raising average global temperature and changing precipitation patterns. The economic,
environmental, and socia costs of climate change are difficult to estimate, but are expected
to grow as globa warming proceeds. It iswidedy agreed that in the 21st century, the
various nations of the world must make a mgjor effort to reduce greenhouse gas emissions,
especialy from the burning of fossil fuels.

A reduction in greenhouse gas emissions sufficient to stabilize the atmospheric
concentration of CO,, the main greenhouse gas, at 550 ppmv, twice the pre-industria
concentration, will require a combination of improvements in energy efficiency, or a
reduction in energy intensity, and increases in the availability and use of carbon-free
sources of energy, including renewable energies and conservation.

Hoffert et al. in the article "Energy implications of future stabilization of atmospheric CO,
content”, Nature, Vol. 395, 29 Oct. 1998, pp 881-884Y, demonstrated that the amount of
carbon-free energy required to stabilize atmospheric CO, isinversdly related to the rate of
declinein energy intensity. The paper predicted that about 37 TW (1188 EJ)®® of
carbon-free primary power would be required to stabilize atmospheric CO, at twice the
pre-industrial concentration.

In this paper we deal with only one aspect of the Hoffert et al. anaysis, i.e., the appropriate
rate of energy intensity decline to be used in computing the required amounts of
carbon-free energy. We show that there are indeed limits on energy efficiency, and these
limits have important implications for the long term rate at which energy intensity can be
expected to decline. We find that the assumed 1% average annual rate of energy intensity
decline for 1990 to 2100, equivalent to a 66% decline from the current global average
energy intensity level, which Hoffert et a. took astheir central case, will be difficult to
sustain for a century or more. Thismeansthe 37 TW (1188 EJ) of carbon-free power that
Hoffert et al. estimated would be required to stabilize the atmospheric concentration of CO,
at twiceits pre-industria level may be on the low end of the plausible range of carbon-free
power required for stabilization.

Some readers may find it easier to understand the term "energy efficiency increase per unit
of output" rather than “energy intensity decline per unit of output”. The relationship
between them isin Table 1, which shows in the right hand column the percentage decline
in energy intensity implied by a given percentage improvement in energy efficiency. If we
ignore sectora share changes, the two terms describe the same thing, but in dightly
different ways. Energy efficiency increases may be achieved by inventing and
implementing new technology and by implementing current technology, such as replacing
old refrigerators with new, more energy efficient models. Thus, in this paper,
improvementsin energy efficiency comprise both those that arise from advancesin



technology and improved procedures with those that arise from wider adoption of the most
efficient technologies available.

We a so distinguish between the roles played by energy efficiency and long term sectord
changes that reduce the relative importance of energy intense industries and activities. For
example, the contribution to world Gross Domestic Product (GDP) of high energy intensity
industries such asiron and steel, chemicals, etc., is expected to decline over time in favor of
low energy intensity industries, such as various service industries. When combined, the
rates of improvement in energy efficiency and sectoral change determine the rate at which
energy intensity declines.

Table 1. Percent energy efficiency increase vs percent energy intensity decline
for the samefinal effect

Energy Energy

efficiency intensity

increase decline
% %
33 25
50 33
75 43
100 50
150 60
200 67
300 75

Some investigators have looked to substantial increases in the rate of decline of energy
intensity to reduce the required amount of carbon-free power. The choice of average
annual energy intensity decline has a profound effect on the amount of carbon-free energy
required. For example, to stabilize the atmospheric concentration of CO, in 2100 at 550
ppmv, an average annual rate of energy intensity decline of 0.63% sustained for 110 years
requires about 60 TW (1890 EJ/yr)® of carbon-free energy. Increasing the average annual
rate of declineto 1%, the rate employed by Hoffert et al., reduces the carbon-free energy
requirement to about 37 TW (1188 EJ/yr). A further increase to 2% reduces the
carbon-free energy requirement to about 7 TW (220 EJ/yr).

To better illustrate the trade off between energy intensity decline and carbon-free energy
required to stabilize atmospheric CO, we reproduce as our Figure 1 adightly modified
form of Figure 3 from Hoffert et d. Thefigureillustrates the sensitivity of carbon-free
energy requirements to the average annual rate of energy intensity decline over 110 years.

Hoffert et al., used a 1% average annual decrease in energy intensity based on historical
records and extrapolated it to 2100. They had some doubts about the rate of energy
intensity decline that might be achieved over the 110 year period, 1990 to 2100, as
evidenced in the following quotation, "For a 2% per year compounded growth, the
carbon-free power required remains modest even by the year 2100. But 2% may be



impossible to sustain over the next century...."®. However, Hoffert et al. did not pursue
possible limits of energy intensity decline further.

The attainable rate of decline in energy intensity is the focus of this paper. Using the
benchmark of atmospheric CO, stabilization at 550 ppmv by 2100, we ask, What is the
maximum contribution of energy intensity decline toward stabilization of CO-, level in the
amosphere? We use the energy mix of 1995 and apply estimates for energy intensity
decline limits to 2100 and calculate an average annua energy intensity decline for the
world.

Concern about energy efficiency isnot new. The Industrial Revolution provided an
impetus to improve energy efficiency asdid the "oil crisis" of the 1970s. The energy
efficiency in generating electricity has been studied and innovations applied in a systematic
manner to the point where steam boilers and electrical generators have been close to
maximum efficiency for more than half a century®™. Similarly, the most efficient domestic
hot water and home heating systems have been close to maximum efficiency for afew
decades. Although it is important to recognize that some energy efficiencies cannot be
increased much further, thereis always room for adoption of the most efficient methods.

To smplify the calculations, world energy consumption in 1995 is split into three parts: (1)
generation of eectricity (38% of world energy consumption in 1995); (2) fossil fuels used
for transportation (19%); and (3) residentia, industrial and commercia uses of energy
(43%).

Electricity

The actual average energy efficiency of electricity generation in 1995 for the world was
28.9% asgivenin Table 2A. Energy efficiency is defined as the amount of energy in the
form of electricity produced by the generating station divided by the amount of energy in
the fuel that is consumed to generate that electricity. Although the average thermal
efficiency of electricity generation from fossil fuelsin the USin 1999 was estimated to be
32.5% thermal efficiencies throughout the world range from about 20% to about 40%®.
Average nuclear stations have an electricity generating efficiency ranging from 29% to
38%, with the common light water reactor operating at about 34%©.

Table2A. World electricity production in 19950

1995 | Units
Total world energy consumption 385.7| EJ
World energy consumption used for electricity generation 147.1| EJ
World consumption of electricity'® 425 | EJ
Average world energy efficiency for electricity generation 289 | %
Percent of world energy consumption used for electricity generation | 38.1 | %

How much improvement in the electricity generating efficiency can be expected between
1990 and 2100? Hydro is aready at its maximum average efficiency of about 85%.
Nuclear appears to have some potential for energy efficiency improvement®. If nuclear
fusion ever becomesviable, it islikely to have about the same energy efficiency as nuclear



fission when used as a heat source to generate electricity. Coal and ail fired generating
stations are very close to maximum energy efficiency. Natural gas fired generating stations
have the potential for energy efficienciesin the range of 50% to 60% by using combined
cycle technology™.

Table2B. World electricity production by fuel in 1995, estimated for 2100

A B C D E F
Estimated
contribution
to average
Estimated energy
Energy | Energy | Assumed average | efficiencyin
source | source energy energy 2100
in1995 | in1995 | sourcein | efficiency DxE
Type of energy"” EJ % 2100% | in 2100 % %
Oil 13.8 9.4 0 - -
Natural Gas 23.4 159 50 60 30.0
Cod 53.5 36.4 10 35 35
Nuclear 24.6 16.7 25 40 10.0
Hydro 27.4 18.6 9 85 1.7
Other 4.4 3.0 6 40 2.4
Total 147.1 100.0 100 - 53.6
Increase in energy efficiency from 1995 to 2100, (53.6 - 28.9)/28.9 85.3%
Decreasein energy intensity from the 1995 level to 2100 46.0%
Energy intensity in 2100 as percentage of the 1995 level 54.0%

In agasfired combined cycle generating station, natural gasis used to drive agasturbine
and the exhaust gases are used to generate steam to drive a steam turbine. The thermal
efficiency of gas and steam turbinesis afunction of the temperature difference between the
inlet temperature and the outlet temperature. Combining gas and steam turbines takes
advantage of the high input temperature of a gas turbine and the low outl et temperature of a
steam turbine. The temperature of the hot gas entering a gas turbine is limited by the
materials of construction properties of the gasturbine blades. The low temperature of a
steam turbineis limited by the temperature of the cooling water used to condense the
exhaust steam. This combination maximizes the overall temperature difference, thereby
maximizing the thermal efficiency. Coal isnot used asafuel for gas turbines because the
ash erodes the turbine blades. It may be possible to use some types of oil to fuel gas
turbines and obtain the benefits of combined cycle technology.

In Table 2B, the mix of energy input to electricity generation is assumed to change
considerably between 1990 and 2100. By 2100, total world energy consumption is
estimated to increase between three and four times the 1990 level. The demand for
electricity may well increase significantly faster because about one third of the world's
population is not connected to an electricity grid, and because there are no substitutes for
electricity.



About one haf of the world's hydro power has already been harnessed and if the remainder
were developed by 2100, the share of hydro would fall from the present 18% to about 9%
of world electricity production. For purposes of thisanalysis, nuclear fission has been
assumed to continue to grow and to generate 25% of total world electricity by 2100.
"Other", which is mostly some form of biomass with alittle wind and solar energy, may
increase its share beyond the present 3% to, perhaps, 6% but, even so, it will remain
relatively small for reasons discussed at length elsewhered™@®93) | jttle efficiency
improvement can be expected from wind turbines, which are now at about 80% of the
maximum theoretical efficiency™. The efficiency of solar photovoltaic cells might
increase from the present 15% to between 20% to 28% in unconcentrated sunlight?,
Although wind and solar energies are renewabl e and carbon-free, their efficiency is till
important because of the very large number of wind turbines and the large amount of land
areathat would have to be covered with solar cellsto collect more than atoken portion of
the estimated 37 TW (1188 EJ) of carbon-free energy needed to stabilize atmospheric CO,
at 550 ppmv in 2100.

Because we are focussing on energy efficiency rather than the carbon content of energy, in
Table 2B we have assumed, for purposes of anaysis, that the share of fossil fuel energy
used to generate el ectricity would remain at about 60%. A much smaller share for fossl
fuelsand alarger share for carbon-free energy sources would not materially affect the
energy efficiency results.

In Table 2B, natura gas would expand from generating 15.9% of world electricity in 1995
to 50% in 2100, coa would drop from 36.4% to 10%, and oil would drop from 9.4% to
zero. Thisisan optimistic scenario asit isunlikely by 2100 that 87% all of the world's
fossil fuelled generating plants could be fuelled by natural gas. The amount of natura gas
needed annually would be on the order of fifteen to twenty times that used in 1995. In
some parts of the world, natural gasis not available in sufficient quantities. Further,
electricity generating stations that are being built today have an expected life of forty to
fifty years. Thus, it will be decades before al existing facilities could be replaced and the
full impact of efficient new technologies realized. If 87% of al fossil fuel fired electricity
generating stations could be converted to natural gas, then based on 1995 e ectricity
production, carbon emissions from e ectricity generation would drop by about 25% and
world carbon emissions would drop by about 10%. However, the expected growthin
electricity production from 1995 to 2100 of three to four times would more than offset
these reductions.

Cogeneration involves the recovery of thermal energy that isnormally lost or wasted.
Some specific industria applications of cogeneration have achieved efficienciesin the 40%
to 50% range. However, it isdifficult to obtain large and/or consistent benefits from
cogeneration because the normally lost or waste heat cannot be stored until needed. Thus,
it is necessary to try to balance the amount and timing of the loads between electricity
generation and heat utilization. Thisisdifficult as evidenced by the fact that only about 6%
of total US electricity generating capacity includes some type of cogeneration system, in
such diverse industries as manufacturing, mining and refining™®. Fossil fuel electricity
generating stations currently use waste heat to preheat combustion air and boiler feed



water. Cogenerationislikely to remain avery small contributor to improved energy
efficiency and has not been considered as a significant contributor in this analysis.

At this point, it is necessary to discuss the potential of hydrogen powered fuel cellsto
produce the large amounts of eectricity consumed annually by the world. Hydrogen isthe
best fuel for fuel cells because hydrocarbon fuels leave carbon deposits which prevent the
cells from operating efficiently®.

Solid oxide fuel cells are available with 70% efficiency, and with utilization of waste heat,
fuel cells can reach 85% efficiency™. If, at 70% efficiency, these fuel cells could use
natural gas directly asafuel*®, then these fuel cellswould be energy efficiency
competitive with natural gas fuelled combined cycle generating plants.

But, if the fud cell requires hydrogen, which isfirst made from fossil fuels, then it will not
be energy competitive with natural gas fired combined cycle generating stations. For
example, most hydrogen today is made by steam reforming of natural gas with conversion
efficiency to hydrogen of not more than about 66%. Thus, the efficiency of eectricity
production by 70% efficient fuel cells using hydrogen reformed from natural gas would be
0.66 x 0.70 = 46%, which is considerably less than the 60% efficiency of combined cycle
natural gas fuelled generating stations.

In summary, from Table 2, the average efficiency of eectricity generationin 2100 is
estimated at 53.6% versus 28.9% in 1995, an increase in energy efficiency of 85.3%. The
energy intensity decrease is 46% and the energy intensity in 2100 for the generation of
electricity is54% of that in 1995.

Transportation

Transportation was estimated to consume about 19% of world energy in 19959, Almost
all of the transportation energy was supplied by fossil fuels. The breakdown by method of
transportation figures are for the US®? because comparable figures for the world do not
appear to be available. The resulting energy efficiency will be higher than what might
reasonably be expected because the percentage of cars and light trucks will be lower in the
world than for the US, and large cars and light trucks, so prevalent in the US, have the
largest potential for energy efficiency increase.

The recent introduction of gasoline/electric, or hybrid electric cars®”, where the gasoline
engine runs mainly at maximum efficiency to generate electricity which is stored in a
battery, or drive the car when needed, has promise to double the average fuel rate of new
cars from apeak in about 1988 of 8.6 litres per 100 km (27.5 miles per US galon®?). A
further efficiency increase of 115%*® may be possible by improvements to current four
stroke engines, continuously variable transmissions, light weight materials, reduced rolling
resistance and improved aerodynamics. The potential improvementsin energy efficiency
for light trucks is much more limited than for passenger cars'®® because their design is
more suited to carrying loads rather than passengers. The doubling of efficiency by hybrids
plus 115% for other efficiency increases comesto an overall efficiency increase of 215%.
For purposes of this analysis we have assumed that a 300% increase in energy efficiency



over that in 1990 for 2100 is possible. Thiswould imply amaximum new passenger car
fue rate of 2.1 litres/100 km (110 miles per US gallon) by 2100.

The size and weight of heavy trucksislimited by weight and size restrictions on highways.
We assume no significant change in the weight carrying capacity of large trucks and no
significant relaxation of size restrictions on the world's highways. Improvementsin energy
efficiency must, therefore, come from propulsion systems®? and reductionsin air and
rolling resistance. For purposes of this anaysis we have used a 100% increase in energy
efficiency of large trucks from 1990 to 2100.

Table 3. UStransportation energy by method of transportation

A B C D E F
Increase Contribution
US® | inenergy | Declinein | Energy | tooverall
transport- | efficiency energy intensity energy
ation 1990 to intensity in2100 | intengityin
energy 2100 from 1990 | as% of 2100
1995 % to 2100 1990 BxE
% % % %
Cars and light trucks 60 300 75 25 15.0
Trains, trucks, and ships 20 100 50 50 10.0
Aircraft 13 100 50 50 6.5
Other 7 300 75 25 1.8
Totas 100 - - - 33.3

Trains have the advantage of the low rolling resistance of steel wheels on sted rails. The
static friction between the steel wheels of alocomotive and therail isaso low and limits
the pulling power of each set of wheels. Locomotives are deliberately made heavy to
increase the friction force on the rails to maximize the pulling force on the draw bar. The
diesdl/electric propulsion system applies the optimum torque on the wheels to maximize
the draw bar force and prevent dipping of the wheels on therails. Although al of these
systems are well developed, for purposes of this analysis we have used a 100% increase in
efficiency from 1990 to 2100.

The power to drive aship at a given speed increases as the square of the size and the
carrying capacity increases asthe cube. Thus, thereis an energy advantage for larger and
larger ships as evidenced by the development of large super tankers, which require specia
port facilities. Most shipping islimited by the size of port and canal facilities. It isunlikely
that thiswill change significantly, if at all, so that the average size of ships cannot increase
significantly. Largeincreasesin the efficiency of ship propulsion systems®” and in
reducing drag from improved hull shapes and anti-fouling methods do not appear likely.
For purposes of this analysis we have used 100% efficiency increase from 1990 to 2100.

Similarly to ships, large aircraft are more efficient than smaller ones, hence, the trend to
larger and larger aircraft. Limitations on the size of aircraft are route traffic patterns,
runway construction and airport facilities. With these constraints, it isunlikely that the
average size of aircraft will increase substantially by 2100. Most increasesin energy




efficiency will continue to come from light weight materials and engine efficiency®. For
purposes of this analysis we have used 100% efficiency increase from 1990 to 2100.

The "Other” category appearsto be about half heavy fuel oils for marine use and half
unidentified uses. Because of the uncertainty, we have assumed an energy efficiency
increase of 300%.

The overal energy intensity per unit of output for world transportation in 2100 is estimated
at 33.3% of what it wasin 1990.

Residential, Industrial and Commercial

The remaining 43% of world energy consumption has been broken into three categories
usualy found in the literature: residential, industrial and commercia. The percentages of
each are a composite of estimates from one Canadian®®” and one US referenceé®. There
appearsto belittle, if any, data available for the world in the detail that is available for
Canada and the US. Therefore, we have used US data as a basis in making estimates for
the world for residentia and industrial energy use, and have assumed that commercial has
the same potentia for energy efficiency improvement asindustrial.

Residential

Residential energy consumption in the USis given in Table 4®® and is based on the
amount of site el ectricity, i.e., the amount of electricity consumed within the housing unit.
Asthere was no data about world residential energy consumption with the detail of the US
data, we used the US data as a base and estimated what might be the residential energy
consumption for theworld. The purpose was to determine whether or not the 232.0%
energy efficiency increase estimated for the US between 1997 and 2100 was reasonable.
The result is an estimated energy efficiency increase for the world of 282.4% from 1997 to
2100. For purposes of subsequent cal culations, we used 300% as the energy efficiency
increase for the world from 1997 to 2100.

Space heating and air conditioning both include e ectricity use. Only aminor part of the
estimated increase in energy efficiency to 2100 is based on increased efficiency of
furnaces, heaters and air conditioners because the energy efficiency of theseitemsisfairly
well developed. For example, the efficiency of forced air house furnaces was in the range
of 70% to 90% in the 1940s“”. The major part of theincrease is from improved energy
efficiency of windows, reduced air infiltration, better insulation and replacement of less
energy efficient heating and cooling systems. Asthe split between space heating and
cooking is not known for the world and these might be relatively large items for much of
the world, energy efficiency increases are estimated as the same for each, i.e., 300%.

Energy efficiency increases for heating water will come mainly from better storage tank
and piping insulation and, possibly, from combined space and water heating systems. The
energy efficiency of refrigerators has increased 300% since the 1974*® and most of the
improvement in energy efficiency islikely to come from replacement of old, less energy
efficient models.



Lighting, which represents less than 4% of US residential energy consumption, has
potentia for large increasesin energy efficiency mainly through wider use of the current
most efficient light bulbs and fixtures. Although cooking and clothes dryers arein the
"electricity only" group, asmall amount of other energy is used for both of these.

Table4. Residential energy consumption for the US and the world

United States residential® World residential®
A B C D E F
Contribution Contribution
toincreasein toincreasein
Potential energy energy
increase efficiency efficiency
Energy | inenergy | improvement | Energy | improvement
consumed | efficiency | 1997 to 2100 | consumed | 1997 to 2100
in1997 | to2100 BxC in 1997 ExC
% % % % %
Includes electricity
Space hesating 51.0 300 153.0 69.5 208.5
Air conditioning 4.0 200 8.0 04 0.8
Water heating 19.0 100 19.0 6.0 6.0
Refrigerators 5.3 300 159 0.1 0.3
Electricity only:
Lighting 3.8 300 114 0.9 2.7
Cooking 1.2 300 3.6 20.0 60.0
Color TV 12 300 3.6 0.4 12
Freezers 1.5 300 4.5 0.1 0.3
Clothes dryers 24 100 24 0.6 0.6
Other appliances 10.6 100 11.6 2.0 2.0
Totals 100.0 - 232.0 100.0 282.4
Energy efficiency increase 1997 to 2100 232.0 - 282.4
Energy intensity decline from 1997 to 2100 70% - 74%
Energy intensity in 2100 as % of 1997 level 30% - 26%

Sources: (a) “A look at residential energy consumption in 1999", November 1999, EIA®®

(b) our estimate, seetext.

Itislikely that the proportions of energy used for space heating and cooking are quite
different for the world than for the US. The proportion of electrical appliancesfor the
world is much less than that for the US, if for no other reason than about one third of the
world's population is not connected to an electricity grid. Itisaso likely that the
proportions of the various end uses will change as time progresses and the picture for the
world in 2100 may well be closer to that of the US at present.

Overdl resdentia energy efficiency for the world is estimated to increase by 300%, an
energy intensity decline of 75% to an energy intensity of 25% of the 1990 level, for the
period 1990 to 2100.



Industrial

Table 5 shows how energy was used in the chemical industry in the USin 1994®, and was
used as a base because the information is the most detailed and the most complete of the
industries that were readily available. Asthere was no detailed data about how world
industry used energy, we made our own estimate of how energy might have been used by
al world industry in 1994 using the same breakdown as for the US chemical industry. The
purpose was to determine whether or not the 119% energy efficiency increase estimated for
the US chemical industry between 1994 and 2100 was a reasonabl e estimate that might be
applied to theworld. The result for the world was an estimated energy efficiency increase
of 145% from 1994 to 2100. Because our estimate of energy efficiency improvement for
world industry may be low, we used 200% as the energy efficiency increase for world
industry from 1994 to 2100. Thisimplies adeclinein energy intensity by 2100 to 33% of
that in 1994

Table5. USand world industrial energy consumption

US chemical industry® World industry™®
A B C D E F G
Contribution Contribution
toincreasein toincreasein
Potentia energy Potential energy
increase | efficiency increase efficiency
Energy | inenergy | improvement | Energy | inenergy | improvement
consumed | efficiency | 1994 to 2100 | consumed | efficiency | 1994 to 2100
in 1994 to 2100 BxC in 1994 to 2100 ExF
% % % % % %
Boiler fuel 43 100 43 15 100 15
Process heat
& cool 27 100 27 15 100 15
Machine
drive 13 100 13 25 100 25
Other 8 200 16 20 200 40
Facilities 2 200 4 20 200 40
Electro-
chemical 2 300 6 0 300 0
Not reported 5 200 10 5 200 10
Totals 100 - 119 100 - 145
Energy efficiency increase 1994-2100 119 - - 145
Energy intensity decline 1994 - 2100 54% - - 59%
Energy intensity in 2100 as % 1994 46% - - 41%

Sources: (a) Energy Use, Chemical Industry Analysis Brief, Heat and Power Consumption by End Use, 1994
(b) our estimate, see text.

Commercial

Because we had virtualy no evidence about world commercial energy consumption, we
have assumed that commercia energy consumption is much like that of industrial. Thus,
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for purposes of this anaysis, we have used an overall increase in energy efficiency per unit
of output of 200%, for areduction in energy intensity to 33% of that in 1990.

Summary of results for residential, industrial and commercial

Table 6 shows that the energy intensity for the combination of residential, industrial and
commercial is estimated at 31% of what it wasin 1990, i.e., Column F.

Table6. Summary of resultsfor residential, industrial and commer cial sectors

A B C D E F
Declinein | Energy | Contribution
Increasein | energy intensity | to energy
energy intensity | in2100 | intengityin
Portionin | efficiency | from 1990 | as% of 2100
1995@9@) | 1990-2100 | to 2100 1990 BxE
% % % % %
Residential 28 300 75 25 7.0
Industrial 50 200 67 33 16.67
Commercial 22 200 67 33 7.33
Totals 100 - - - 31.0

Average annual world energy intensity decline

Table 7 combines the estimates of energy intensity decline for electricity generation,
transportation and residential, industrial and commercial to provide an estimate of the
weighted average increase in energy efficiency and declinein energy intensity.

Table7. Summary table showing calculated average energy intensity per unit of
output in 2100 as a per centage of what it wasin 1990.

A B C D
Portion of Energy | Contribution
world intensity | to energy
energy in2100 | intengityin
consumption | relative 2100
in1995 t0 1990 BxC
% % %
Electricity generation - Table 2 38 53.9 20.5
Transportation (fossil fuels) - Table 3 19 33.3 6.3
Residential, Industrial and Commercial - Table 6 43 31.0 13.3
Totals 100 - 40.1
Average annual energy intensity decline from energy efficiency 0.83%

Electricity generation consumed 38% of world energy in 1995, the largest single use of
energy. Although major reductionsin energy intensity are possible in transportation,
residential, industrial and commercial, there are limits on improvement in energy efficiency
for electricity generation, a sector which islikely to increase in relative importance and
limit the overal world energy intensity decline.
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The weighted average energy intensity decline due to energy efficiency improvement is
estimated for 2100 at 40.1% of the level in 1990. Thisisequivaent to an average annual
rate of energy intensity decline of 0.83% for 110 years™.

Sectoral share changes in energy using activities

If the share of global activity accounted for by the highly energy intensive sectors declines
over the course of the 21st century, there will be an impact on energy intensity independent
of the rate of improvement in energy efficiency. The 21st century should witness an
increasing fraction of al nations moving through the industrial age to a"post industrial
age" in which the service sector looms relatively large. Since the energy intensity of
services and related activitiesislower than that of many industriesin the manufacturing
sector, annual energy intensity will tend, on this account, to decline. We try to account for
the way in which long term sectoral changes in economic activity may affect the rate of
declinein energy intensity. To do so, we use sensitivity analysis to examine arange of
potential impacts that sectoral changes may have on energy intensity.

Most industrial/commercia economic activity can be grouped into a category described as
low to moderate energy intensity relative to afew industries that have high energy
intensity. The high energy intensity industries consist mainly of the utility and
transportation sectors (already accounted for above) and about five broad industrial groups
within the manufacturing sector, i.e., pulp and paper, iron and steel, non-ferrous metals
(e.g., aluminum, copper, magnesium, etc.), non-metallic mineras (e.g., cement, glass, etc.),
and chemicals and petrochemicals®Y. The highly energy intensive industry groups have an
average energy intensity about an order of magnitude higher than the energy intensity of
the rest of the manufacturing sector. It should be noted that economic activity in these
highly energy intensiveindustriesis cyclical, expanding rapidly in booms and declining
sharply in recessions. This can make calculated energy intensities quite variable over short
periods of time.

In Table 8 column B, we present the relative shares of high and low intensity industriesin
the industrial sector. Theratio of onethird to two thirdsis based on the proportion of high
intensity industries from U.S. Census Bureau NAICS 31-33: Manufacturing®. The high
intensity industries are the five highest energy intensity industriesin Table 1 of Miketa
(2000)"Y. Theratio of the energy intensity of high intensity industries to that of the lower
onesin column C, i.e., 10:1, was aso estimated from Table 1 of Miketa. Column D isan
index obtained by multiplying column B by column C. In column F, it is assumed that the
ratio of the energy intensity of high intensity industries to that of the lower onesi.e,, 10:1,
isthesamein 2100 asit wasin 1990.

We can estimate the annual average energy intensity decline for the changes from high to
low energy intensity industries from the indicesin columns D and G of Table 8. A decline
in the index from 4.0 to 1.9 over 110 yearsis 0.67% annualy. Industria output, not
including electricity and transportation service, contributes only one third of world GDP,
34% in 19903, which is consistent with the portion of world energy on Table 4 of about
31% consumed by industrial activities, i.e., 0.43% X ((50%(Ind.) + 22%(Comm.)) = 31%.
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Table8. The effect of increasing the Gross Domestic Product (GDP) contribution of
low energy intensiveindustriesin the Industrial Sector

A B C D E F G
Estimated Index of | Estimated Index of
portion of | Relative | industrial | portion of | Relative | industria
industrial | energy use industrial | energy use

GDPin | intensity | energy GDPin | intensity | energy

1990 index in 1990 2100 index in 2100
% 1990 (BxC) % 2100 (ExF)

High energy
intensive 333 10 3.33 10 10 1
industries
Low energy
intensive 66.7 1 0.67 20 1 0.9
industries
Totals 100 - 4 100 - 1.9

Thus, from Table 8 we divide the 0.67% average annual rate of decline by 3 which yields
0.22% average annual energy intensity decline. We add the 0.22% average annual rate of
decline due to sectora shiftsto the average annual energy intensity decline due to energy
efficiency improvements of 0.83% (see Table 7) for atotal of 1.05%. Table 8 isthe base
case from which the four cases for sengitivity analysesin Table 9 were devel oped.

Table9. Sensitivity totheratio of high to low intensity industriesin 1990 and 2100.

Casel Case 2 Case 3 Case 4
Indust. | Indust. | Indust. | Indust. | Indust | Indust. | Indust. | Indust.
GDP | GDP | GDP | GDP | GDP | GDP | GDP | GDP
in in in in in in in in
1990 | 2100 | 1990 | 2100 | 1990 | 2100 | 1990 | 2100
% % % % % % % %
(2) High energy
intensive industries 33 15 33 5 25 10 40 10
(2) Low energy
intensive industries 67 85 67 95 75 90 60 90
(3) Average energy
intensity decline - 0.16 - 0.30 - 0.16 - 0.26
(4) Average energy
intensity decline from - 0.83 - 0.83 - 0.83 - 0.83
energy efficiency
(5) Estimated total
average annua energy - 0.99 - 1.13 - 0.99 - 1.09
intensity decline

The four casesin Table 9 provide arange of average annual energy intensity declines due
to sectoral shifts ranging from 0.16% to 0.30 (Row 3). When we combine the sectora
change effects (Row 3) with the overall average annual intensity decline attributable to
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improvements in energy efficiency (Row 4), the range of average annua energy intensity
declineisfrom 0.99% to 1.13% (Row 5).

Summary and Conclusions

The purpose of this paper isto estimate the maximum average annual rate of energy
intensity decline that can reasonably be expected over the 110 year period, 1990 to 2100.
We have estimated the maximum annual rate of decline of energy intensity from increases
in energy efficiency for the 110 year period from 1990 to 2100 at 0.83%. When the impact
of sectoral change is added, the average annual energy intensity decline is between 1.0 and
1.1%.

Whether or not average annua energy intensity declinesin the range of 1.0% to 1.1% are
actually achieved depends on how successful we are in implementing existing energy
efficiency technology and researching, developing and implementing new energy
efficiency technology. Improvementsin energy efficiency that could yield an average
annual energy intensity decline of 0.83% will not come easily. Achieving this target
requires adedicated and consistent effort. The less successful we are in this effort, the
more likely the final result isto beto the left of the 1% linein Figure 1. The effect of the
sectoral shift from high to low intensity industries may be reduced if the proportions of
energy consumed for electricity generation and transportation, both high energy intensity
uses, increase from 1990 to 2100.

We believe our estimates of achievable projected energy efficiency improvements
represent an important step in reducing the range of expected values for the long term
average annual declinein energy intensity in the 21% century. If anything, we have erred
on the side of optimism. In any case, our method allows other values to be fitted into the
tables and the effect of the changes on the average annual rate of energy intensity declineto
be estimated. Our analysis may also provide someinsight into ways of increasing energy
efficiency that might exceed our estimates.

We have built on the work of Hoffert et a., which we believe is the most important article
about the relationship between energy and stabilization of climate that has appeared in
recent years. Our paper attempts to remove much of the uncertainty surrounding the
amount of carbon-free energy required to stabilize CO, emissions at 550 ppmv in 2100.
Given the population and GDP growth rate assumptions employed by Hoffert et ., the 37
TW (1188 EJ) they calculated by assuming a 1% annual average energy intensity decline
for 110 yearsis areasonable estimate of what will be needed.
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Figure 1. Carbon-free power vs rate of energy intensity decline

The shaded area is the estimated probable range of world
average annual energy mtenS|ty declines from 1990 to 2100. It
is superimposed on Hoffert et al! Figure 3, Twenty-first century
trade-offs, between carbon-free power requured and "energy
efficiency", to stabilize atmospheric carbon at twice the
pre-industrial CO, concentration.
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