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Abstract 

Despite the uncertainties, energy demand forecasts must be made to guide government 
policies and public and private-sector capital investment programs. Three principles can be 
identified in considering long-term energy prospects. First, energy demand will continue to grow, 
driven by population growth, economic development, and the current low per capita energy 
consumption in developing countries. Second, energy technology advancements alone will not 
solve the problem. Energy-efficient technologies, renewable resource technologies, and advanced 
electric power technologies will all play a major role but will not be able to keep up with the 
growth in world energy demand. Third, environmental concerns will limit the energy technology 
choices. Increasing concern for environmental protection around the world will restrict primarily 
large, centralized energy supply facilities. The conclusion is that energy system diversity is the 
only solution. The energy system must be planned with consideration of both supply and demand 
technologies, must not rely on a single source of energy, must take advantage of all available 
technologies that are specially suited to unique local conditions, must be built with long-term 
perspectives, and must be able to adapt to change. 



Introduction 

Forecasting energy demand has often been compared to weather forecasting. It is part 
science, part art, and a good deal of guesswork. Predicting how people will use energy is as 
uncertain as predicting the weather in a turbulent and chaotic atmosphere. 

Despite these uncertainties, it is necessary to estimate future energy demand, particularly 
because energy resources are limited and the price of energy is increasing. The demand for oil 
and its market price are of special interest in this regard. The search for alternative sources of 
energy and for energy technologies that will alleviate both real and perceived resource limitations 
occupies a significant amount of government and private-sector attention. Long-term capital 
investments worth billions of dollars are made on the basis of projections of demand and on 
expectations for various technologies to capture shares of the demand market. 

Even with the dangers inherent in predicting future energy demand and energy 
technology use over any but the shortest time period, several basic principles can be used to 
shape energy-sector development policies. 

Principle 1: Energy Demand Will Continue to Grow 

Many studies (International Atomic Energy Agency [ M A ]  1993; U.S. Department of 
Energy DOE] 1993; World Energy Council [WEC] 1993) and scenarios have attempted to 
predict future energy demand. Figure 1 shows some of the more recent projections. While a 
wide range of possible outcomes could occur over the long term, there is universal agreement 
that demand will increase. Barring any unforeseen natural or political catastrophes, worldwide 
energy demand will grow from 40 to 100% in the next 30 years. 

The reasons for universal agreement on the growth in energy demand are not hard to 
deduce. First, population will continue to grow. Figure 2 shows some recent projections of 
population growth. Even the low-growth assumptions show continued population expansion into 
the next century. 

Second, the world’s economic output, as measured by real gross domestic product 
(GDP), will continue to grow. Figure 3 shows several forecasts of GDP growth. Again, there 
is universal agreement on the direction of the growth, although not necessarily on the magnitude. 

Third, growth in population and in GDP means that the demand for energy-related 
services, such as lighting, heating, transportation, and consumer goods, will also grow. Table 1 
shows per capita energy consumption. Most people living in developing countries use energy 
at rates 5-10 times lower than people living in the United States, Europe, or Japan. People who 
now make do with a single, bare light bulb and possibly a small black-and-white television set 
represent an enormous latent demand for energy-related services as their income and standard of 
living increase. One need only look at the per capita energy demand in the newly industrialized 
economies of Hong Kong, Korea, Taiwan, and Singapore to glimpse what will happen in other 
parts of the developing world. 
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FIGURE 3 World GDP Growth Projections (Sources: WEC 1993; U.S. Energy Information 
Agency [EIA] 1994) 

Even improvements in the efficiency of industrial production and resulting declines in 
the energy required per unit of production will not be able to keep up with the rate of population 
and economic growth. The most stringent energy conservation scenarios used in some forecasts 
show reductions in energy intensity (energy used per unit of GDP) of only 2-3% per year at a 
maximum. These scenarios cannot match the growth in real GDP projected for the next quarter 
century. 

Principle 2: Energy Technology Advancements Alone Will Not Solve the Problems 

The years have seen many advocates of one energy technology or another. These 
individuals have claimed that large-scale adaptation of their particular system would solve the 
energy problems for the foreseeable future. If the world would adopt the technology being 
advocated, there would be no shortage of oil, no massive energy price increases, and, in some 
cases, no environmental damage from energy use. All of these claims have succumbed to the 
realities of the laws of thermodynamics and the rules of the energy marketplace. A brief review 
of some of the technologies that have been advocated yields important insights. 

Energy-Efficient Technologies. One of the recent trends in the promotion of energy 
technology is to place substantial emphasis on the efficiency of energy use. The argument has 
been made that if the world used high-efficienc y technologies, sufficient energy resources would 
be available at reasonable prices to meet all of the world’s demands for an indeterminate time. 



TABLE 1 Per Capita Energy Consumption 

1990 per Capita 
Energy Consumption 

Countryfincome (kg of oil equivalent) 

Low Income 
Ethiopia 
Bangladesh 
India 
Indonesia 
China 

Middle Income 
Bolivia 
Jamaica 
Argentina 
Poland 

Upper Middle Income 
Mexico 
Portugal 
Korea 
Greece 
South Africa 

High Income 
Hong Kong 
Japan 
Singapore 
united states 
Canada 

World average 

339 
20 
57 

23 1 
272 
440 

1,357 
257 
93 1 

1,801 
3.416 

1,818 
1,300 
1,507 
1,898 
2,092 
2,447 

5,158 
1,717 
3,563 
5,685 
7,822 

10,009 

1,567 

Source: The World Bank (1992). 

Table 2 gives some examples of the advances in energy-efficient technologies in the 
transport, building, and industrial sectors. This sampling is for illustration purposes; the actual 
number of energy-efficient systems is very large. The improvements in overall efficiency shown 
for each technology must be qualified by considering how and where they would be 
implemented. Using just the single efficiency improvement numbers shown gives an incomplete 
picture of the real-world situation. 

Another measure of the actual implementation of energy-efficient technologies is the 
consideration of energy intensity or energy used per unit of GDP. Figure 4 shows the historical 
trend plus projections. 



TABLE 2 Examples of Energy-Efficient Technologies 

Efficiency Improvement over 
Sector/Technology Conventional Technology 

Transport 
Automobiles 

Continuously variable transmissions 
Direct injection diesel engines 
Two-stroke spark ignition engines 
Tires 

Correct inflation 
Radial tires 
Wheel alignment 

Laminar flow control 
Eddy control 
Weight reduction 

Jet aircraft 

Building 
Insulation - gas-filled panels 
Insulated window glazing 
Compact fluorescent lights 
Electronic ballasts for fluorescents 
High-efficiency electric motors 
Highefficiency refrigerators 
High albedo building surface coating 

Industry 
Ceramic recuperators for combustion processes 
Continuous pulp digestors for paper production 
Distillation control 
Variable speed motors 
Metal parts cleaning - bake and blast 
Pulsed combustion boilers 

3-8% 
lo-20% 

5 8 %  

2-3% 
2-3% 

4% 

1520% 
14% 

7-15% 

R-value increase from 11 to 26 
R-value increase from 0.9 to 20 
6GWatt equivalent for 15 Watts 

15% 
50% 
50% 

3-19% 

42-50% 
7-17% 

1427% 
50-758 
50-60% 

The conclusion that can be drawn from this information, in parallel with the previously 
discussed overall energy demand growth data, is that improvement in energy efficiency is 
undoubtedly a major goal that should be vigorously pursued. Continued waste of energy through 
inefficient technologies will make a difficult energy demand situation virtually intolerable. 
Nevertheless, high-efficiency technologies alone will decrease energy demands. 

In addition to their technical limitations, high-efficiency technologies tend to involve 
higher capital costs, which many consumers, particularly those in developing countries, are 
unwilling and/or unable to bear. These costs, coupled with energy prices that are government- 
subsidized in many parts of the world, can make the implementation of high-efficiency systems 
economically unattractive, even when life-cycle cost analysis is considered. In addition, many 
parts of the world simply do not have access to high-efficiency technologies. Such countries lack 
the local manufacturing capacity for these systems, the foreign currency to buy these systems on 
the world market, or an adequate maintenance infrastructure to keep these systems operational. 
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FIGURE 4 World Energy Intensity (Source: EIA 1994) 

Furthermore, even the most severe scenarios for implementing energy-efficiency 
improvements will not decrease energy demand in the next quarter century. Thus, energy- 
efficiency improvements must be viewed as only one, perhaps crucial, part of the energy 
equation. 

Renewable Resource Technologies. Another frequently mentioned solution to the 
increase in energy demand is the use of renewable resources, such as solar power, wind, biomass, 
and hydropower. By definition, these technologies use resources that can be renewed on a 
regular basis and are, therefore, unlimited in quantity over the long term. Table 3 shows 
characteristics of some of these technologies, along with their limitations in practical 
applicability. Table 4 shows several projections about the ability of these technologies to 
contribute to world energy requirements under different scenarios. 

This information leads to the conclusion that renewable energy technologies can make 
important contributions to the overall energy supply system, but severe cost and operational 
limitations can restrict their use to special circumstances. As with high-efficiency technologies, 
they must be considered as only one component of an energy supply system. 

Advanced Electric Power Technologies. Electricity is a special form of energy 
because of its versatility and convenience. People are willing to pay higher prices for electricity 
than for other equivalent energy forms because of the benefits of having power available at the 
"flip of a switch." The argument is then made that if it were possible to improve the efficiency 
with which electricity is generated and supplied to consumers, the energy problem would be 
solved. 



TABLE 3 Characteristics of Renewable Resource Technologies 

Conversion 
Resource Technology Applications Limitations 

Solar Photovoltaics 

Centralized thermal 

Thermal: medium 
and high tempera- 
ture 

Thermal: medium 
and low tempera- 
ture 

. . Electricity generation Low conversion efficiency 
Worldwide capacity High cost of cell manufacture 
approximately 50 MW 

Electricity generation 
Currently in research and 
demonstration phase 

Industrial process heat 
Currently in research and 
demonstration phase 

Limited to very high mual solar insolation areas 
(e.g., near desert) 

Limited areas 
Difficult match to industrial process demands 

Building heating and cooling 
Passive and active designs 
Currently deployed in selected 
areas conventional systems 

Applicable in moderate temperature regions or 
requires backup 
Active systems involve higher cost than 

Wind Turbines : hori- Electricity generation: Requires high, steady wind speeds 
zontal, vertical approximately 1,700 MW Considerable maintmance of turbines required 

worldwide Intermittency is difficult to match to electrical 
Pumping grids ..... .. .......................... ........................................ - ..................................................................................................................................................................... 

Biomass Direct combustion 

Gasification 
Pyrolysis 

Fermentation 

Heating 
cooking 
Industrialprocessheat 
Electricity generation 

Electricity generation 

Requires managed cropping to avoid soil 
depletion, erosion 
Competing land uses 
Lowcombustion efficiency equipment 

Sameasabove 
High cost compared with conventional 
alternatives 

Liquid fuels production, Same as direct combustion 
primarily for transportation High cost compared with conventional 
Uses alternatives 

Competing demands for products 

Geothermal Drymash steam Electricity generation 
Heat Pump * H e a t  
Binary cycle 
Direct use 

Resources limited to selected sites 
Long-distance heat transport not practical 

Hydropower Conventional Electricity generation Limited by water supply, rainfall characteristics 
Small scde About 15% of world electricity Competing uses: imgation, shipping, flood 
Pumped storage control 

Ecosystem impacts 

oceans Ocean thermal Electricity generation 
Inresearchphase 

Tidal Electricity generation 
Some units deployed 

Requires near-shore deep, cold water 
High cost 

Limited sites available 

Source: Adapted from Country Studies Management Team (1994). 



TABLE 4 Projections of World Use of Renewable Resources 

AgencyiScenario 
Projection 

Year 

Percentage of World 
Energy Demand Met By 

Renewablesa 

EL4 2010 

International Energy Agency 

Petroleum Economics, Ltd. 

Petroleum Industry Research Associates 

2010 

2010 

2005 

WEC 
Minimum implementation 2020 
Maximum implementation 2020 

8.9 

9.0 

8.0 

6.9 

3-4b 
8-12b 

a Includes hydroelectric, geothermal, and other renewables. 

Does not include conventional, large-scale hydroelectric. 

Sources: WEC (1993); EL4 (1994). 

Table 5 shows some of the conventional and advanced concepts for electricity generation 
and their relative merits and limitations. The advanced technologies will significantly improve 
the overall efficiency of electricity generation. Some of these technologies, when used as part 
of a cogeneration system that provides both electricity and heat, can approach efficiencies of 
75-80%. 

This review concludes that advanced electricity-generating technologies can improve the 
efficiency of the use of limited energy resources, allow the use of marginal or low-quality energy 
resources, and reduce the environmental impacts of the energy system. Nevertheless, as shown 
in Figures 5 and 6, the current per capita electricity use in much of the developing world is far 
below that of the United States, Europe, and Japan and shows signs of substantial growth. The 
need for new electricity-generating capacity to meet the demand will far outstrip the savings from 
advanced technologies in power generation, transmission, and distribution. 

Principle 3: Environmental Concerns Will Limit the Energy Technology Choices 

The conventional wisdom is that developing countries will not pay much attention to 
environmental protection until they have reached a high enough level of development. With this 
philosophy, the choice of energy technologies to meet rapidly rising demands will be based on 
economics, speed of implementation, and ability to secure financing for energy projects. The 
emphasis will continue to be on large, conventional, centralized energy projects, such as thermal 
and hydroelectric power plants, refineries, and coal mines. The investment in high-efficiency, 
demand-reducing technologies, renewable resource technologies, and advanced energy supply 
technologies will be limited. 



TABLE 5 Efficiency of Electricity Generation 

Technology 
Efficiency 

Fuel Used Range (%) 

Conventional Technologies 
pulverized coal 
Oil-fired steam turbine 

Gas-fired steam turbine 
Combustion turbine 

coal 
Distillate oil 
Residual oil 
Natural gas 
Natural gas 
Fuel oil 

35 
36 
34 
37 

30-45 
33 

Advanced Technologies 
Atmospheric fluidized bed coal 
Pressurized fluidized bed coal 
Combined cycle Natural gas 

Fuel oil 

Intercooled steam-injected gas turbine Natural gas 
coal 

Fuel cells Natural gas 
Light distillate oil 
coal 

Integrated gasifier combined cycle coal 

25-30 
33-44 
42-50 
43-46 
29-40 

47 
42 

42-57 
41 

45-48 

Source: DOE (1993). 

Numerous examples are available of energy projects in developing countries that have 
been implemented with little or no environmental consideration. Some of the environmental 
damage caused in eastern European countries has brought expressions of horror to the 
environmentally conscious world. However, signs of change are emerging. In Malaysia, a major 
hydropower project was canceled after substantial public protest over the potential loss of land 
from construction of the reservoir. In Turkey, residents forced the shutdown of a coal-fired 
power plant because they believed it was damaging nearby agricultural crops and recreational 
areas. More expensive lead-free gasoline was recently introduced in Bangkok, Thailand, and 
Bombay, India, to meet local demands for improvements in air quality. 

One report correlates urban air pollution and per capita GDP. A surnmary graph is 
shown in Figure 7. As income rises, so does environmental awareness. Public demand for 
environmental protection is beginning to be felt in many developing countries where previously 
no concerns had been evidenced. The newest focus of many development assistance programs 
is "sustainable development." Although the concept means different things to different people, 
the general idea is to attempt to reach a state of economic activity that can be sustained in an 
equilibrium fashion with the surrounding environment. Table 6 shows some of the more widely 
recognized environmental problems and the potential impacts they might have on the choice of 
energy technologies. 
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An interesting observation can be made from Table 6.  Most of the environmental 
concerns, as expressed by public groups and government agencies, restrict the choice of energy 
supply technologies. Public protests and government control programs are usually aimed at large 
energy supply facilities, such as power plants and refineries. Few public demonstrations demand 
higher efficiency in energy-consuming equipment, such as light bulbs, water heaters, or 
automobiles. Instead, consumers seem to vote against these technologies because of their 
spending practices. It is unusual to see consumers willing to pay $20 for a high-efficiency light 
bulb when they can purchase a low-efficiency bulb for $0.75. Despite the arguments of life-cycle 
cost analysis, most consumers opt for the lowest capital investment. 

A companion to the application of environmental awareness only to energy supply 
technologies is the reluctance on the part of the consumer to reduce the demand for energy- 
related services. The previous discussion of the rapid growth in energy demand indicates that 
the consumer’s desire for environmental protection is often tempered when the implication is that 
the result may be less energy service. This two-homed dilemma - applying environmental 
controls only on supply technologies and showing an unwillingness to reduce the demand for 
energy services - places difficult constraints on public policymakers who seek to develop the 
energy system in an environmentally responsible fashion. 



TABLE 6 Environmental Issues and Effects on Energy System Development 

Environmental Issue Effect on Energy System Development 

Local air pollution 

Regional air pollution 
Acid rain 
Photochemical oxidants 

Global air pollution 
Greenhouse gases 
Chlorofluorocarbons 

Water supply 

Water pollution 

Solid waste generation 

Hazardous waste 

Accidents 
Spills, accidental discharges, radiation release 
Occupational injury, disease 

Restricts me of coal 
Requires installation of high-cost control equipment 
Requires changes in system operation 

Restricts use of high-volatility hydrocarbons 
Restricts use of high-sulfur coals 
Requires regional, international controls on sources 

May severely limit use of fossil fuels 
Eliminates use of certain chemicals 

Limits use of cooliig water 

Restricts use of chemicals in energy processes 
Requires the use of high-cost control equipment 

Requires disposal system 

Restricts use of certain chemicals in fuel 
processing 
Restricts use of fuels with certain chemical content 
Requires high-cost handhg of waste materials 

Public concern restricts choices 
Requires high-cost health and safety programs 
Requires expensive spill cleanup capability 

Ecosystem damage Restricts siting of facilities 
Restricts resource exploitation 

Conclusion: Energy System Diversity Is the Only Solution 

The continued growth in energy demand, the limitations of even advanced energy 
technologies, and the restrictions on technology choice placed by environmental concerns show 
that it is not easy to deal with energy demand and supply. There are no miracle cures, no simple 
solutions, no "silver bullet." Only one solution appears to meet the demand objectives, while 
fitting within the constraints of technology and environmental limitations - energy system 
diversity. In essence, the energy system must be molded to fit the unique situations of individual 
countries and individual regions within countries. 

Energy system diversity can be composed of several components. First, the diverse 
energy system considers both demand and supply options when planning for expansion. High- 
efficiency, energy-consuming equipment can be combined with expanded supply facilities to meet 



demand requirements. The term "integrated resource planning" is a popular phrase being used 
to describe this type of overall approach. 

Second, energy system diversity does not rely on a single source of energy to 'meet the 
requirements. To provide security from supply disruptions, natural catastrophes, and wide swings 
in the economics of energy, the diverse energy system includes a range of fuels, technologies, 
and operating practices. This type of diversity sometimes means including energy technologies 
into an overall portfolio, even though higher costs for some parts of the system may be incurred. 
For example, a country may add thermal electricity-generating capacity, even if an abundance 
of cheap hydropower is available, to ensure against extended periods of drought. 

Third, energy system diversity takes advantage of all energy resources and technologies 
that are specially suited to unique local situations. For example, geothermal energy can be used 
for heat andor power generation in areas where it is available; it can also supplement 
conventional power generation. Wind power stations can be built in areas with unique wind 
availability, and these stations can be tied into the grid. Coal-fired power plants can be built near 
mines to reduce transportation costs. The key to achieving this type of diversity is for 
policymakers not to rule out any particular resource, technology, or approach a priori. All of the 
possibilities that might work in a given region or local area should be systematically considered 
and evaluated. Government policies that inadvertently exclude a reasonable energy supply source 
need to be reviewed and possibly modified. Such policies include energy tariffs, energy import 
restrictions, and some environmental regulations. 

Fourth, the diverse energy system is built with a long-term perspective and not just with 
consideration of immediate implications. Energy system development, including the conduct of 
research and development programs, must examine the possible situation 20,30, or even 50 years 
in the future. Because many large, centralized energy facilities have operational lifetimes of 
30-40 years, choices made now will be passed on to the next generation. Without a long-term 
perspective in energy planning and analysis, the short-term solution may turn out to be a long- 
term problem. 

Finally, the diverse energy system must be willing and able to adapt to change. As new 
technologies become available, as market forces alter the economics of alternative fuel supplies, 
as consumer demands evolve, the energy system must react and adjust. In some cases, the 
changes come quickly, for example, the rapid oil price increases of the 1970s. A well-designed 
and operated, diverse energy system would be able to accommodate this type of rapid change 
with less disruption than would a monolithic energy system, such as existed in much of the 
developed world in the 1970s. In other cases, the change comes gradually, such as the increasing 
availability of higher efficiency equipment. The diverse energy system must recognize these 
evolutionary processes and adjust accordingly to avoid turning a gradual change into a disruptive 
one. 

Energy system diversity seems to provide the same benefits as biological diversity. 
Being able to draw on a large pool of options and alternatives reduces the risk of extinction. 
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