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REPORT SUMMARY 

 
The E-EPIC (Energy-Environmental Policy Integration and Coordination) study examined the 
joint effects of energy and environmental policies, either planned or proposed, on the electric 
power generation sector in the United States. The study was done in response to concerns that air 
emissions reductions could be poorly coordinated, potentially leading to unproductive 
investments in new and existing generation technology. The study provides a basis for energy 
planners and policy-makers to develop and implement integrated approaches to protecting and 
enhancing the environment while simultaneously promoting a sustainable energy future. 

Background 
Current regulatory limitations on emissions of criteria pollutants such as SO2 and NOx from 
fossil-fuel fired electric generating plants have been met largely through the installation of 
combustion/postcombustion controls and use of lower sulfur coals. However, prospective 
regulation of carbon dioxide emissions, as would be required under the Kyoto Protocol, is likely 
to require much more significant changes in the technologies and fuels used to generate 
electricity, because no control equipment is currently available to cost effectively reduce those 
emissions from existing plants. 

Objectives 
To understand potential interactions of future regulatory restrictions on emissions of both carbon 
dioxide and criteria pollutants (SO2 and NOx); to examine the potential effects of those 
restrictions on the technologies and fuels used to generate electricity in the future; to estimate the 
investments in electric generating assets and supporting infrastructure necessary to meet those 
restrictions while maintaining an adequate and reliable electricity supply; to evaluate the long-
term sustainability of the electricity and fuel supply systems developed through those 
investments. 

Approach 
The project team selected the U.S. Energy Information Administration’s (EIA) National Energy 
Modeling System (NEMS) for use in this study. NEMS is a comprehensive model of the U.S. 
energy system and economy. For comparison purposes, the team analyzed a “Business As 
Usual” case (BAU) reflecting regulatory requirements in place in 1999 and developed a “Current 
Policy Direction” case (CPD) to represent potential future regulatory requirements. The CPD 
includes national reductions in CO2 emissions consistent with a moderate implementation of the 
Kyoto Protocol; that is, the CPD allows for a portion of the U.S. obligations under Kyoto to be 
met through international emissions trading and credits for natural sinks. 
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Results 
Results of the analysis indicate that under the CPD assumptions, as compared to BAU, the use of 
natural gas for electricity generation would increase dramatically, accounting for 60% rather than 
31% of total generation in 2020. The use of coal would decline to 7% of total generation as 
opposed to 52% under BAU. This increase in natural gas use would require an unprecedented 
increase in supply. Even if it were feasible, the resulting gas prices would be so high after 2020 
that advanced coal technology with carbon capture and sequestration would become the 
economic choice for electricity generation. This swing toward, and then away from, natural gas 
use could be costly and disruptive, leading first to retirement of the current generation of coal 
plants and stranded investments in new NOx control technology. Subsequently, much of the new 
gas capacity would be retired or underutilized after 2020 as a new generation of coal plants is 
built. These effects result from a lack of coordinated timing between emission reduction 
requirements and the availability of economically feasible advanced technologies, indicating a 
possible need to either adjust the carbon reduction schedule, accelerate the pace of technology 
advances, or both. Some of the EIA assumptions used in this study, particularly for nuclear 
power, are more pessimistic than those developed by EPRI for other studies. Nuclear power 
could, however, play a much more significant role in providing electricity in a carbon-
constrained future. Further analysis, now underway, will examine this and other related issues. 

EPRI Perspective 
Our national and global energy system faces demands for growing economic productivity, better 
environmental quality, more reliance on competition, and management of the possible effects of 
fossil fuel use on the global climate. These potentially conflicting demands create great 
uncertainty and place increasing pressure on policy makers and the private sector. An in-depth 
understanding of the potential for future energy technology advances, the resources necessary to 
accomplish them, and the timetables on which they can realistically be achieved is key to both 
informing policy makers about effective approaches and guiding private sector investment in 
new technologies and energy sources. EPRI is a world leader in knowledge of these subjects; the 
analysis described in this report represents a significant advance in the ability to integrate this 
knowledge and bring it to bear on energy policy issues in an objective manner. The goal is to 
inform policy-makers and contribute unbiased information to help resolve complex energy and 
environmental issues. This study accomplishes that goal by integrating projected energy 
technology advances with an evaluation of the options available for reducing carbon emissions 
on a specific schedule. Additional studies of crucial energy and environmental issues, utilizing 
the capabilities developed for this study, are planned for the future. 

Keywords 
Greenhouse gases  
Kyoto Protocol 
CO2 control  
Criteria pollutants 
Multi-pollutant assessment 
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EXECUTIVE SUMMARY

Introduction

The 1990s have been a decade of monumental change in the electric power industry.
Deregulation has made electricity markets more diverse and dynamic, driven by competitive
considerations. In addition, environmental concerns increasingly shape fuel and technology
decisions. Entering the first decade of the new millennium, change will continue to be rapid,
influenced by deregulation, competition and continuing environmental concerns. To meet
environmental policy objectives, the electric power industry is already being called upon to make
deeper reductions in emissions of SO2 and NOx, and to begin to reduce CO2 emissions.

In anticipation of these changes, various studies have addressed the potential economic and
market effects of environmental proposals, including carbon emission reductions called for under
the Kyoto Protocol. In 1998, the Department of Energy’s Energy Information Administration
(EIA) conducted one such study using their National Energy Modeling System (NEMS). At the
same time, EPRI began its Energy-Environment Policy Integration and Coordination Study
(E-EPIC), using NEMS and other models to address two important questions:

1. Given the proposed magnitude and timing of NOx, SO2 and CO2 emission reduction
requirements, could the large investments by the electric power industry needed to reduce
NOx and SO2 emissions below presently mandated levels become unproductive and
“stranded” when subsequent CO2 reduction requirements take effect?

2. Would the combined effect of these emission reduction requirements force the U.S. energy
system to respond in ways that could significantly raise electricity prices and hinder the
orderly development of a sustainable and efficient U.S. energy system over the long term?

The results of the first phase of the E-EPIC study completed in late 1998 indicated that most
likely the answer to these questions is: Yes, there is substantial risk of experiencing these
negative consequences. However, additional analysis was necessary to provide more robust
results, so a second phase of the study was undertaken, placing greater emphasis on changes in
technologies and fuels for electricity generation and extending the analysis from 2020 to 2050. In
addition, an alternative policy based on more gradual carbon emission reductions was analyzed.

Results from the second phase of the E-EPIC study are summarized in this Executive Report.
The results indicate that proposed SO2, NOx and CO2 restrictions referred to in this study as the
“Current Policy Direction” could have wide-ranging and significant effects on the U.S. energy
system, effectively determining many aspects of national energy policy. The next one to two
decades would see substantial shifts in the mix of fuels used to generate electricity and increases
in electricity prices. Effects of inefficient technology deployments and fuel market changes could
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last even longer, over several decades. The results indicate that coordinating carbon reductions
with technological advances is key to making deep reductions in emissions while achieving a
smooth transition to a sustainable, efficient U.S. energy system. While no preferred set of
policies was identified in the course of this study, it is clear that the Current Policy Direction
does not adequately achieve this coordination.

The Current Policy Direction

The Current Policy Direction as defined for this study includes three major initiatives to reduce
emissions of NOX, SO2, and CO2 over the coming decade and beyond.

•  To help achieve air quality standards for ozone, fossil fuel fired power plants in 22 eastern
U.S. states and the District of Columbia would be required to reduce summer NOX emissions
by about 85 percent from 1990 baseline levels by complying with a summer emissions cap
across this region. These reductions are assumed to begin in 2003.

•  To help achieve air quality standards for fine particulate matter and to address related
visibility concerns, fossil fuel fired power plants would be required to make further
reductions in SO2 emissions. The 1990 Clean Air Act Amendments already establish a
nationwide power plant SO2 emission allowance allocations cap of about 8.95 million tons
per year in the coming decade. Additional reductions of about 50% have been proposed for
the 2006 to 2010 timeframe. Hence, this study assume that a 50% cut in that SO2 cap will
occur in 2007.

•  To help stabilize future atmospheric concentrations of greenhouse gases, the Kyoto Protocol
of 1997 calls for net average annual carbon emissions from all U.S. energy-related sources to
be reduced to about 1250 million metric tons (MMT) during 2008-2012, a level equal to 93
percent of 1990 emissions. For this study, it was assumed that the U.S. would phase in a
carbon emissions cap 9 percent above the 1990 emissions level between 2005 and 2008
(remaining constant thereafter), with the remainder of the U.S. carbon emission obligations
being met through international carbon permit trading and credit for carbon sinks. In 2020,
this would limit U.S. energy system carbon emissions to 26% below what the U.S. Energy
Information Administration (EIA) has projected to occur without carbon restrictions (Annual
Energy Outlook 1999, December 1998).

Although different elements of the Current Policy Direction address environmental challenges of
different geographic and temporal scope (Figure ES-1), each emissions reduction target is
scheduled to be met within the next decade (Figure ES-2).
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2000                 2010                 2020  • • • • 2050 2100

CO2 ReductionsCO2 Reductions
•  Global
•  Long-term

NONOxx/SO/SO22 Reductions Reductions
•  Regional
•  Near-term

Figure ES-1
Different Policy Goals Call for Different but Coordinated Timing

Both NOx and SO2 are local and regional pollutants whose impacts on atmospheric levels of
ozone and particulate matter are short term, occurring within hours or days after they are emitted.
NOx and SO2 emission reductions under the Current Policy Direction are intended to bring
specific geographic areas into compliance with national ambient air quality standards within the
next decade. In contrast, the objective of reducing emissions of CO2 and other greenhouse gases
(GHG) is to stabilize global atmospheric CO2 concentrations over the long term, such as by 2050
or 2100. While the Current Policy Direction calls for substantial CO2 emission reductions in the
coming decade, many alternative schedules could potentially achieve this long term objective,
because GHG concentrations are dependent on cumulative global emissions over many decades.

• Phase II SO2 Cap (2000)

• 22-state NOx Cap (2003)

• 50% SO2 Cap Cut (2007)

• CO2  Reductions (2008-2012)

Long-term global GHG
objectives (2050-2100)

Major Air Emission
Initiatives Would
Hit the U.S.
In One Decade

2000 21002050

Figure ES-2
Current Proposals to Reduce NOx, SO2, and CO2 Emissions Are Closely Sequenced
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The Current Policy Direction would not adequately account for either the different temporal and
geographic scales of the different environmental initiatives or the important interactions among
the initiatives when applied to the overall U.S. energy system in rapid sequence. The results of
this study show that investments made in fossil fuel fired power plants to meet the initial
requirements in this sequence could be rendered unproductive (stranded) by subsequent
environmental requirements. The rapidity of this sequence of requirements could also constrain
longer term environmental and energy strategies in undesirable ways. These risks would
especially affect the electric power industry, which relies on long-lived, capital intensive
investments to generate and deliver power. In addition to having to make substantial further cuts
in NOx and SO2 emissions, the electric power industry would also bear the major burden of any
U.S. carbon reduction commitments in the coming decade. Figure ES-3 shows how this burden
would be distributed among energy-use sectors, assuming that the Kyoto Protocol levels of
carbon emissions would be maintained through 2050, by comparing carbon emissions under the
Current Policy Direction to those under a “Business As Usual” scenario, which assumes no new
emission reduction requirements. This distribution is consistent with EIA’s projections of the
effects of the Kyoto Protocol, though EIA made projections only through 2020.

 Business As Usual
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Figure ES-3
Electric Generators Would Make Most U.S. Carbon Emission Reductions Under the
Current Policy Direction

The Current Policy Direction’s interacting emission reduction requirements may effectively
dictate our future national energy policy. They would, as described in the remainder of this
report, initially lead to a rapid shift away from the use of coal and toward the use of natural gas
for electricity generation. Later, as gas prices rise in response to increased demand and new,
lower-emitting technologies are developed for generating electricity with other fuels, this shift
could be reversed. An energy policy that coordinates emission reductions with technology
advances might meet environmental objectives while making smoother transitions in the energy
system and avoiding potentially inefficient use of capital stock.
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Study Approach

Three different scenarios were analyzed to show the effects of air emissions initiatives. The
“Business as Usual” scenario (BAU) incorporates all environmental regulations in effect as of
mid-1998 plus the EPA’s proposed 22 state summer cap on power plant NOx emissions. BAU
includes no SO2 emission restrictions beyond Phase 2 of the acid rain program and no restrictions
on CO2 emissions. BAU corresponds to the “Reference Case” in EIA’s Annual Energy Outlook
1999. The “Current Policy Direction” incorporates the same NOx and other environmental
restrictions as BAU, but also adds the SO2 and CO2 emission reduction proposals summarized
previously. A third scenario, the “Carbon Glide Path to 2030” represents an alternative policy in
which CO2 restrictions begin at the same time in 2005 and produce the same cumulative carbon
emissions as under the Current Policy Direction, but are imposed more gradually.

These policy scenarios were evaluated using an integrated modeling capability that included the
widely recognized National Energy Modeling System (NEMS) developed by EIA to project U.S.
energy system developments out to 2020. In addition, for analysis of the period from 2021 to
2050, a suite of EPRI-developed models incorporating the Electricity Market Module of NEMS
with econometric models for projecting energy consumption, prices, and carbon emissions in
energy consuming sectors was used. Additional analyses outside of this integrated modeling
system provided detail and focus where needed.

For nuclear energy, NEMS assumptions were maintained to 2050. The assumptions embedded in
NEMS regarding new nuclear generating plants are considered pessimistic by many people
following this technology (see Section 4., “Alternative Technology Assumptions or Policies
Could Change Projected Effects”). A follow-on to this study will examine nuclear energy, along
with all other advanced technologies, using cost and technology projections from EPRI’s
Electricity Technology Roadmap.

It should be emphasized that the E-EPIC study assumed that under the Current Policy Direction
the U.S. energy system’s carbon emissions would be capped at 109% of 1990 emissions rather
than at 93% of 1990 emissions as nominally called for by the Kyoto Protocol. The difference
represents assumed opportunities to use additional means to meet U.S. commitments to reduce
atmospheric CO2, including international emissions trading and domestic carbon sinks. Thus, this
study is based on a relatively conservative (i.e., low) estimate of the carbon emission reductions
that would be required from the U.S. energy system under recent carbon reduction initiatives.

Effects of the Current Policy Direction

This study projects that the Current Policy Direction will result in a range of major effects on the
U.S. energy system, consumers and the economy. These include impacts on the U.S. economy
through 2020 similar to those projected by EIA in its study of the effects of the Kyoto Protocol.1

However, the present study has especially focused on technology and fuel changes that would be
required beyond 2020. The overarching conclusion is that the Current Policy Direction is
economically and technically inefficient in implementing the proposed emission reduction. This

                                                          
1 DOE (U.S. Department of Energy) Energy Information Administration, 1998. Impacts of the Kyoto Protocol on
U.S. Energy Markets and Economic Activity.
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is particularly true with respect to the timing of CO2 reductions. The Current Policy Direction
does not allow for realistic development and deployment of the technologies required to make
those reductions efficiently, nor does it allow for sufficient time to make a transition to a
sustainable U.S. energy system without excessive disruptions and risks. Some key results
contributing to this conclusion are summarized below.

1. Large Swings in Fuel Use

The Current Policy Direction would require large emission reductions before critical
technological advances can be accomplished and deployed. NOx and SO2 emissions would first
be reduced by retrofitting existing fossil fuel fired electric generating units (especially those
using coal) with emission control equipment, combined with fuel switching and greater reliance
on existing and new natural gas-fired power plants. However, subsequent CO2 emission
reduction requirements would lead to large shifts in fuel use idling or retiring many coal-fired
electric generating units. Although renewable energy technologies are projected to expand
rapidly, the major gap in the energy supply for electric generation due to phasing out coal would
have to be filled largely by increased use of natural gas. These shifts are shown in Figure ES-4.

Under the Current Policy Direction, the natural gas share of electricity generation would rise
from about 15% today to 60% by 2020. Meanwhile, coal-fired generation’s share would drop
from over 55% to less than 10%, effectively abandoning most of the U.S. coal infrastructure and
reducing the diversity of the fuels used in the overall U.S. energy system.

Looking out further in time, toward 2050, natural gas prices are projected to rise due to a
sustained increase in demand and, eventually, a reduction in reserves. Beginning in about 2025,
continuing technology advances (coupled with these rising gas prices) are projected to make
electric generation using other fuels increasingly attractive to meet both environmental
constraints and rising demand for electricity. The result is a projected fuel swing revitalizing the
role of coal (shown as “Advanced Coal” in Figure ES-4 to differentiate it from coal used with
current technologies). Generation from renewable energy sources would also continue to expand
throughout this period, providing 20% of all electricity generated by 2050. This path, if it could
be successfully followed, might ultimately restore the diversity and flexibility of the overall U.S.
energy system, but it raises the question of whether there is a better way to reach a similar end
point while avoiding or minimizing disruptive fuel swings and high costs and risks to the U.S.
energy system and economy. Further, there are important questions about the feasibility of
following this path.
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Figure ES-4
Projected Fuel Mix for Electric Generation Under the Current Policy Direction

1a. Can Natural Gas Use Be Expanded as Rapidly as Required?

The Current Policy Direction would require rapid CO2 reductions between 2005 and 2012, which
are projected to come mostly from the electric generation sector (Figure ES-3) This is because
other sectors, such as transportation, face emission reduction options with higher marginal costs.
The main CO2 reduction strategy over the next 10 to 20 years would thus be rapid deployment of
natural gas-fired power plants, with the most rapid deployment required by 2010. The additional
stresses this would place on critical underlying natural gas infrastructure, which is already
expanding rapidly under Business As Usual, are sufficiently unprecedented and demanding as to
pose serious risks of pipeline construction and other bottlenecks, price run-ups, and eventual
supply shortfalls. U.S. natural gas production would have to increase by 50% between now and
2010, and by 70% through year 2020. The gas exploration and production industry would have
to increase drilling activity to roughly double current levels, requiring rapid reversal of recent
downsizing and staffing reductions as well as construction of many new drilling rigs (1998 rig
utilization approached 90%) and development of substantial new offshore fields requiring
considerable lead time. Since 1949, annual gas deliverability has increased by over one Tcf per
year on only five occasions, but under the Current Policy Direction, growth in some years would
have to exceed 1.5 Tcf per year and would have to average over 1 Tcf per year during a 5 year
span.
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Stresses would extend beyond domestic natural gas production. Natural gas pipeline capacity
would have to expand far faster than recent rates, posing serious challenges even assuming there
would be no siting and permitting delays. The amount of gas-fired generating capacity added
would reach just under 500 GW by 2020, only slightly less than all fossil fuel-fired generating
capacity in place today. Besides dealing successfully with siting and gas delivery issues, this
would require a massive expansion of the specialized industry and labor that manufacture gas
turbine equipment. Meanwhile, Canada would be seeking its own natural gas expansion to meet
its carbon reduction targets, competing for North American gas supplies as well as for
exploration, production and pipeline construction capabilities. The entire world would be
competing for the supply of gas-fired electric power generating hardware. Substantial backlogs
in orders for gas turbines in international markets are already reported today.

Under the Current Policy Direction, all of these components of natural gas infrastructure
expansion must rapidly fall into place: exploration, production, deliverability, and generating
hardware. Since each component by itself is problematic, together they present considerable risk
of failing to meet CO2 reduction targets and/or energy needs. Furthermore, these projections
assume maintenance of considerable existing coal-fired generating capacity for reliability
purposes (contributing little generation), as well as a great expansion of generation using non-
hydro renewables (primarily from wind and biomass, which would increase by factors of 15 and
20, respectively, between now and 2020). Without these developments the required natural gas
infrastructure expansion would be even greater.

1b. How Long Will Gas Supplies Be Adequate?

Under the Current Policy Direction, projected U.S. natural gas consumption would rise to a peak
of about 38 quads of energy per year, versus 34 quads under Business as Usual (Figure ES-5). In
addition, this peak would be reached nearly 10 years earlier. In addition to the difficulties and
risks in expanding gas use so quickly, reaching a peak in gas demand by 2020 is likely to result
in constrained gas supply and rising prices, which could threaten the sustainability of a U.S.
energy system relying so heavily on natural gas.

   Current Policy Direction

0

5

10

15

20

25

30

35

40

45

50

1990 2000 2010 2020 2030 2040 2050

Electric
Gen
Trans

Ind

Com

Res

Business As Usual

0

5

10

15

20

25

30

35

40

45

50

1990 2000 2010 2020 2030 2040 2050

Figure ES-5
U.S. Natural Gas Consumption, 1990 to 2050 (Quads per Year), Segmented by Use in
Electric Generation, Transportation, Industrial, Commercial, and Residential Sectors



xvii

It is uncertain how long domestic natural gas supplies will last. Depending on assumptions made
for the post-2020 analysis conducted for this study regarding economic growth, CO2 reductions
and recoverable gas resources, natural gas supply could become constrained2 as early as 2025 (if
the current moratorium on offshore drilling is maintained) or after 2050 (given an optimistic
combination of assumptions3). With the economy relying heavily on natural gas and with supply
dwindling, a rise in prices should be expected (in addition to the effect of the carbon taxes
assumed in this study to be employed as a mechanism to induce reductions in CO2 emissions).
This will make natural gas less attractive even before supply becomes physically limited. The
more that natural gas use grows due to CO2 restrictions, the earlier and greater will be the price
rise.

Even assuming it is available, natural gas combustion produces carbon emissions. Thus, using
natural gas for generating electricity with the technologies available today cannot be considered
a long-term, sustainable solution to the dilemma of reconciling CO2 restrictions with U.S. energy
needs. Rather, natural gas should be viewed as a valuable but limited energy resource that can
provide a bridge to a future that will require sustainable, reliable, and secure U.S. energy
supplies. The challenge is how to use the natural gas bridge wisely and efficiently. If early
stringent CO2 limits force massive reliance on natural gas, as projected in this and other studies,
then our natural gas bridge may be used too rapidly and inefficiently, exacerbating problems and
risks identified in this study.

1c. What Follows Natural Gas?

If energy supply ultimately swings away from natural gas, new energy sources with low CO2

emissions must fill the gap. Under the Current Policy Direction, renewable energy sources (other
than hydroelectric power), which today account for about 1½ percent of electric generation, are
projected to grow to provide about 20% of electric generation by 2050. Achieving this level of
penetration of renewables will require major technological and infrastructure advances, as well
as the development of a large biomass supply system and widespread wind farms. Still, with
hydroelectric generation having limited growth potential, photovoltaic solar systems still
significantly more costly than other electric generating options, and no new nuclear power plants
projected under this study’s assumptions, this would leave a major energy gap to be filled.

The results of this study indicate that coal could be the fuel that fills this gap, being utilized
through gasification and combined cycle generating technologies. With the projected
development of carbon capture and sequestration technologies (also applicable to other fossil
fuels and to biomass), coal could once again be the lowest-cost fuel for electric generation. Of
course, there is considerable uncertainty regarding how rapidly economically viable technology
and infrastructure could be developed to capture fuel carbon either before or after combustion,
then to transport it to secure sequestration sites such as deep aquifers, coal beds or depleted oil
                                                          
2 Supplies are considered to be constrained when proven reserves fall below 9.5 years of annual U.S. consumption,
and when there are insufficient remaining resources to replace proven reserves.

3 Analytic results produced for this study were based on optimistic assumptions, including an end to the moratorium
on offshore drilling in 2021 and a one percent annual increase in U.S. domestic gas resources over the period of the
study.
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and gas reservoirs. Available information indicates that this technological advance is credible
over the study’s time frame. However, under the Current Policy Direction, U.S. coal production
is projected to decline for two decades from about 1100 million tons per year today to just above
300 million tons per year by 2020. Thus, after 2020, the U.S. coal supply infrastructure would
have to be resurrected. Even if this could be accomplished, restoring a largely abandoned coal
supply system to today’s production levels would be costly and probably inefficient.

Another possibility is emphasizing a new generation of nuclear power plants to help fill an
energy gap left by dwindling and increasingly expensive gas supplies. Under the Current Policy
Direction, existing nuclear plants are projected to be relicensed and continue to generate
electricity. However, under the technology assumptions used by the EIA and carried over into
the present study, new nuclear plants are not projected to be economically competitive with other
electricity generating options. These EIA assumptions were not evaluated or changed in this
study, but lower cost nuclear plants could play a significant role in meeting future carbon
restrictions. Other technologies under development, such as fuel cells and small-scale combined
heating and power systems, may also have that potential.

2. Unproductive Use of Energy Assets

Change in the U.S. energy system’s fuels and technologies is inevitable. However, large swings
could lead to energy assets being used less productively than is desirable or necessary. Under the
Current Policy Direction, about two-thirds of coal-fired power plants would be retired by 2020
(Figure ES-6). The supporting coal supply system would also be largely abandoned and
unproductive. This rapid reduction in coal use would reduce the diversity and flexibility of the
overall U.S. fuel mix and require rapid replacement of large amounts of generation and peak load
capability. Most coal units remaining in operation would be used primarily to provide reliability
and peak-demand generation. The resulting diminishment of fuel diversity and flexibility in
electricity generation could render the U.S. energy system more vulnerable to supply disruptions
and fuel price volatility.



xix

0

100

200

300

Retired (R)

Standby*

0-20%

20-60%

>60%

CAPACITY
FACTOR
RANGES

Historical       Projected Under the Current Policy Direction
Utilization (1997)  by 2010        by 2020

* No longer
generating, but
not formally
retired.

GW

Source: E-EPIC analyses utilizing NEMS

Figure ES-6
Under Current Policy Direction Most Coal-Fired Capacity Would Be Rapidly Retired

Post-2000 proposed caps on power plant SO2 and NOx emissions would require substantial
investment in emission controls for roughly 100 to 200 GW of coal-fired generating capacity.
This investment could also become unproductive (stranded), if coal plants are retired or used
only intermittently due to CO2 restrictions. Given the magnitude and timing of the CO2

restrictions under the Current Policy Direction, stranding these emission controls could be
avoided only by either delaying the emission caps or attempting to phase out coal generation
even earlier, ahead of those caps4. The latter “solution” is not only infeasible, but it would
exacerbate the impacts on the natural gas infrastructure. Further, even earlier coal plant
retirements would likely decrease electric reliability and accelerate the rise in the price of
electricity.

Rapidly abandoning the productive use of existing coal-based energy assets might be acceptable
if it made way for better-performing assets with long productive lives. Unfortunately, this is not
completely the case under the Current Policy Direction. Large amounts of rapidly deployed
future fossil fuel fired generating assets would also be vulnerable to becoming uncompetitive
and obsolete due to changing technologies and market conditions. Over the next 20 years almost
200 GW of new gas-fired generating capacity is projected to be deployed under this analysis of
the Current Policy Direction (in addition to the large amount already projected under BAU).
                                                          
4 If inexpensive CO2 credits were available, they could be purchased in lieu of taking action to reduce CO2 emissions.
However, it is already assumed for this study that substantial quantities of credits will be used to limit the total
amount of CO2 reductions that must be made, and that no more would be economically available.
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Initially, this new gas-fired generating capacity would be very heavily utilized due to CO2

restrictions. However, subsequent utilization of this capacity is projected to decline due to further
technology advances5 and rising gas prices (Figure ES-7). Other energy assets deployed under
the Current Policy Direction could also be rendered unproductive, including portions of the
natural gas supply infrastructure. It is normal for some new energy assets to become
unproductive, but it is important that this fate not befall a large amount of assets deployed over a
relatively short time to meet CO2 reduction mandates.
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Figure ES-7
Gas-Fired Generating Capacity Added Under the Current Policy Direction Subsequently
Experiences Declining Utilization

In analyzing future energy markets it is especially difficult to anticipate the future and make
“correct” competitive decisions. In order to address this difficulty, this study has applied a
modeling methodology (based on NEMS) that assumes considerable foresight and cost
minimization. This raises the possibility that, in actual practice, stringent CO2 restrictions could
result in even more inefficient and unproductive use of energy assets than is projected here.
Furthermore, apparently optimal energy system responses may not be attractive to those who
would actually have to make the necessary investments if potential profits are not perceived to
justify the risks arising from the associated uncertainties. For example, what companies will
make the substantial generating technology, fuel supply, and other investments required to keep
advanced fossil fuel fired generation technologies moving ahead, when environmental
uncertainties are added to already large technology performance and market uncertainties?

                                                          
5 Including development and deployment of cost-effective technology to capture and sequester carbon from fossil
fuels, including both coal and natural gas.
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2a. Technology Advance: Using and Promoting It

In order to most cost-effectively address uncertain future needs, it is prudent to plan for and
encourage development of a variety of energy technologies with offsetting strengths and
vulnerabilities. This holds true for electric generation, which is the primary focus of this study
and which is expected to be most affected if there are significant CO2 emission restrictions.

To achieve significant CO2 reductions, the Current Policy Direction would require extensive
deployment of technologies that are available and economically viable within the next 10-15
years. In the main, this means replacing coal-fired generation with natural gas generation. In
addition to reducing U.S. fuel diversity and more rapidly consuming finite natural gas reserves,
this would use technology advances inefficiently by not allowing sufficient time for a wider
range of advanced generating and other6 technologies to come into play. It also precludes
maintaining a more diverse and sustainable mix of technologies that utilize coal, which is
presently the U.S. backbone fuel for electric generation. Under the Current Policy Direction,
89% of projected generating capacity additions from 2000 through 2010 consist of simple cycle
and combined cycle natural gas-fired combustion turbines; through 2020, the figure is 87%
(Figure ES-8).

Over the longer term, other advanced generating technologies are projected to play an essential
role, but not in time to temper the rapid transition to and deployment of current-generation gas-
based technology and its supporting infrastructure. These other technologies will require time for
R&D, practical commercial experience, and infrastructure development.7 It is possible to
promote faster technology advance, as well as to emphasize strategies that utilize different
technologies’ contrasting fuel, technological, and environmental advantages. Such coordinated
strategies could reduce the risks of investing in the “wrong” technologies and facilities or
deploying too much of one particular technology. However, the Current Policy Direction would
apparently require CO2 reductions too quickly to permit such efforts to come to fruition.

                                                          
6 Including end-use technologies in the industrial, commercial, residential and transportation sectors.

7 Nuclear generation technology could be regarded as an exception to this, since designs for advanced nuclear plants
have already been developed and tested. However, the EIA assumptions about new nuclear plants used in this study
do not reflect these advances. The possibility that new nuclear plants utilizing new designs could play a role in
tempering the rapid transition to natural gas fired generation will be examined in a follow-on study.
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Current Policy Direction Would Intensify a Swing Away From, Then Back to, Coal-Based
Generating Technology

In fact, it may be very difficult for key non-hydro renewable generating technologies and their
supporting infrastructures to expand as quickly as projected under the Current Policy Direction.

Thus, the Current Policy Direction would not make effective use of technology advances.
Furthermore, it might actually hinder them. Capital, human resources, and political will all have
limits. A heavy focus on near-term objectives might come at the expense of strategies with
longer-term payoffs, having potentially dramatic impacts on generating technology for years to
come. Massive initial deployment focusing on near-term natural gas-based generating
technology would reduce other technologies’ access to investment capital, power market
opportunities and operating experience, slowing their infrastructure development in the process.
Early imposition of stringent carbon emission limits could have the paradoxical effect of
hindering development of improved generation technologies needed to reconcile energy and
environmental objectives over the long term. Significant measures to promote R&D and
commercial deployment could well be necessary just to keep these advanced non-gas
technologies improving at the rates assumed in this study.
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3. Effects on the U.S. Economy

As limits on carbon emissions go into effect under the Current Policy Direction, energy prices
will rise and the growth of the U.S. economy will slow. This study projects that the price of
electricity will rise 43% by 2020 compared to Business as Usual, and average annual household
energy expenditures (excluding transportation) will increase by over 20% (about $300), even
though energy use will decline by 15%. Some regions, such as the Midwest and the Southeast,
will experience even greater price increases. Price increases in the energy system will produce a
ripple effect over the general economy, boosting inflation. Between 2008 and 2020, the increase
in consumer prices attributable to the Current Policy Direction will average over 2% per year.
This study’s projections of economic effects through 2020 are generally consistent with EIA’s
analysis of potential effects of the Kyoto Protocol (for a similar level of actual carbon emission
reductions). In the longer term, beyond about 2030, once advanced technologies have been
deployed and the economy has absorbed the large initial investment costs and market shifts,
economic growth can be enhanced by the use of the new, more efficient energy technologies.
However, the question remains as to what superior paths to this long-term future might be
followed so as to achieve environmental objectives and a more efficient energy system while
avoiding unnecessary short-term economic effects and inefficient investments in energy
infrastructure.

4. Alternative Technology Assumptions or Policies Could Change Projected Effects

Preliminary sensitivity analyses were performed for some alternative assumptions about post-
2020 technology costs and performance and for an alternative policy. These naturally resulted in
somewhat different projected effects for the Current Policy Direction.

The assumptions embedded in NEMS regarding new nuclear generating plants are considered
pessimistic by many people close tot his technology. In addition to projecting high capital costs
for new nuclear plants, NEMS imposes risk and cost premiums based on the long lead times
required for plant construction and the lack of domestic experience in building new advanced
nuclear plants. In light of recently developed designs for a new generation of Advanced Light
Water Reactor nuclear plants, which have been approved by the Nuclear Regulatory
Commission, along with new siting and licensing processes, more representative assumptions
regarding new nuclear plants may be warranted. Because of this, and the fact that nuclear power
offers a completely carbon-free option for electricity generation, preliminary sensitivity analyses
were conducted for the E-EPIC study in which the effects of assuming more representative
capital costs for new nuclear plants after 2020 were evaluated.
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These sensitivity analyses indicate that, if the capital costs assumed for a new generation of
nuclear power plants could be reduced substantially (by 33%) from the baseline NEMS
assumptions, this could result in the construction of a significant amount of new nuclear
generating capacity after 2020, which could, in turn, reduce the amount of coal and gas used for
electricity generation.8 This effect is shown in Figure ES-9. If nuclear plant costs were reduced
by a similar magnitude prior to 2020, nuclear power would probably be projected to increase its
share of U.S. electricity generation much sooner, but no analysis of this possibility was
undertaken for the present study.9
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Figure ES-9
If Capital Costs for New Nuclear Generating Plants Were Reduced by One-Third After 2020,
Nuclear Generation Could Provide a Substantial Portion of U.S. Electricity Supply

Because the carbon capture and sequestration technology assumed to become available are
crucial to allowing coal to resume an important role in electricity generation after 2020,
sensitivity analyses were also conducted to test the effect of altering this assumption. These

                                                          
8 In addition to direct capital costs, NEMS incorporates factors intended to account for optimism in projected costs
and contingencies that can affect projects. If these factors are regarded as part of the capital cost calculation, then the
values assumed by EIA for capital costs for advanced nuclear plants exceed EPRI estimates by as much as 50%.
Hence, the 33% reduction considered for this sensitivity analysis results in a capital cost estimate consistent with
EPRI estimates.

9 A new study is underway that will use the NEMS model with more representative data and assumptions.
Assumptions about economics of current and advanced generation of all types will be based on the EPRI
Technology Roadmap for Power Supply for this new study.



xxv

analyses showed that, if the costs of capturing and sequestering carbon emissions produced by
fossil-fired generating plants were significantly higher (by 50% or even 100%) than assumed for
the primary analysis described in this report, then the future use of coal for electricity generation
would be reduced, to be replaced either by higher natural gas use or by nuclear power, depending
on assumptions regarding their respective costs. However, only in the case in which the costs
were doubled was the decrease in coal use substantial.

These analyses of alternative technology assumptions were preliminary, and do not account for
the full extent of changes that would result from altering technology cost assumptions. However,
they provide a useful indication of the direction of the changes in projections of the mix of fuels
used for electricity generation after 2020 that could result.

In addition to these tests of assumptions about technology costs, a “Carbon Glide Path to 2030”
policy scenario was analyzed that differs from the Current Policy Direction in (1) omitting
further SO2 restrictions beyond Phase Two of the Acid Rain Program and (2) still initiating CO2

restrictions in 2005, but increasing them gradually out to 2030 (with a lower final CO2 emission
cap) so that cumulative carbon emissions from 2000 through 2050 are the same. This slows the
rate of tightening carbon restrictions but maintains both the depth of ultimate reductions and the
timing of initial reductions.

The Carbon Glide Path to 2030 would lessen the adverse effects of the Current Policy Direction
by reducing short-term impacts on the national economy, slowing the transition away from coal
generation to natural gas, and reducing the amount of natural gas-based generating plants that
would be deployed in a massive wave over the next one to two decades. However, each of these
effects is very slight, leading to the conclusion that this particular policy adjustment, while
helpful, is insufficient to avoid many of the undesirable consequences projected for the Current
Policy Direction.

Further analysis of alternative policies and assumptions will be undertaken to better understand
the effects of crucial assumptions about technology advances, fuel prices, and other factors.
Understanding these effects is important for identifying policies that could most effectively meet
objectives for both the environment and the U.S. energy system while avoiding undesirable
consequences to the greatest extent feasible.

5. Conclusion: Greater Coordination of Environmental Policy With Energy Policy, and
Especially With Realistic Technology Advancement and Deployment, is Essential

Clearly, the crux of the problem with the Current Policy Direction is that it would require large
CO2 emission reductions before technologies suited to sustaining those reductions cost-
effectively could realistically be developed and deployed. The result would be a forced energy
supply system response that would be very disruptive and perhaps even infeasible.

Slowing the rate at which CO2 reductions are made, while still preserving the early start of and
long-term commitment to carbon reductions, might alleviate these problems. However, unless
key energy technologies and their infrastructure can be advanced much faster than assumed in
this study, alleviating the many identified problems and risks would require that CO2 emission
reductions occur more gradually than under this study’s “Carbon Glide Path to 2030.”
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However, delaying CO2 reductions is not the sole solution. A complementary and necessary
approach is to promote the development and commercialization of key energy technologies
through R&D programs and incentives, and by refining environmental policies so that they
permit and encourage desirable technology advances. The “Electric Technology Roadmap” a
multi-stakeholder plan for new energy technology development, identifies technology advances
that could be feasible and desirable as well as the resources necessary to achieve them.10

Although this study indicates that the Current Policy Direction is far from an optimal approach to
reducing CO2 and other emissions associated with energy use in the U.S., this does not mean that
substantial long-term CO2 reductions are infeasible or undesirable. What is needed is a lower risk
and lower cost path to an efficient, low carbon emitting energy system that also takes into
account interactions with schedules for reducing other emissions. In essence, better coordination
between our national energy and environmental policies is now needed to avoid disruptions,
inefficiencies, and risks to the U.S. energy system and economy during a transition period that
will certainly take decades rather than years to achieve.

                                                          
10 EPRI, “Electric Technology Roadmap: Powering Progress, 1999 Summary and Synthesis,” July 1999. EPRI
Report CI-112677-VI.
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1 
INTRODUCTION

The electric power industry has played a major role in improving U.S. air quality during the last
30 years, and is committed to the achievement of future air quality and climate policy objectives.
In the 1990’s alone, electric utilities have made substantial contributions toward the goals
established by the 1990 Clean Air Act Amendments, reducing significantly their sulfur dioxide
(SO2) emissions to meet acid rain objectives and their nitrogen oxide (NOX) emissions to reduce
urban ozone. Domestic requirements for even greater SO2 and NOx emission reductions within
the next several years have been proposed, and substantial reductions in emissions of carbon
dioxide (CO2) and other greenhouse gases are planned to follow shortly after. This report
addresses the potential consequences of implementing this sequence of emission control
requirements and raises the question of whether an alternative approach could be devised that
would achieve environmental objectives with greatly lessened adverse consequences.

These proposed environmental policies will have profound effects on the energy sector and the
U.S. economy generally. While it is inevitable that meeting environmental objectives will carry
some costs, coordination of the means of achieving those objectives should help assure that those
costs are not unnecessarily high. By applying an integrated, coordinated approach, it should be
possible to devise compatible environmental and energy policies, achieve air quality and climate
objectives without incurring unnecessarily high costs, maintain robust economic growth over the
long term, and have a national energy system that is diverse and sustainable.

1.1 Purpose of the E-EPIC Study

This study was initiated in 1998 with the primary purpose of investigating two broad questions:

1. Is the proposed timing of NOx, SO2, and CO2 emission reduction requirements insufficiently
coordinated, so that large investments made to reduce emissions of NOx and SO2 would be
rendered unproductive or “stranded” when CO2 reduction requirements were subsequently
imposed?

2. Would the combined effect of these emission reduction requirements so profoundly affect the
U.S. energy system, and especially the electricity generating sector that would be required to
make most of the reductions, as to effectively change U.S. energy policy? In particular,
would those requirements prevent the U.S. energy system from achieving important
objectives of U.S. national energy policy?11

                                                          
11 High-level objectives stated in the Administration’s July, 1995 Sustainable Energy Strategy include: (1) Increase
the Efficiency of Energy Use, (2) Develop a Balanced Domestic Energy Resource Portfolio, (3) Invest in Science
and Technology Advances, (4) Reinvent Environmental Protection, and (5) Engage the International Market.
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Results of the initial phase of this study, completed in late 1998, strongly suggested affirmative
answers to each of these questions. A second phase of the study was initiated to investigate these
issues in greater detail and to include consideration of alternative policies that might achieve
emission reduction goals with fewer adverse effects.

As the second phase of this study progressed, it became increasingly apparent that there is a third
question to be addressed regarding proposed emission reduction requirements, particularly those
for carbon emissions. This question is: Is the proposed timing of emission reduction
requirements insufficiently coordinated with the timing of foreseeable advances in technologies
for energy and electricity production, as well as for control of emissions? In particular, would
emission reduction requirements take effect before the development of technologies that would
enable the U.S. energy system to make those reductions in a manner that is sustainable, efficient,
and capable of supporting a healthy and growing national economy? Answering this question is
a central focus of this report; unfortunately, the conclusion reached is that currently proposed
carbon emission reduction requirements would take effect before technologies capable of
meeting them while avoiding unnecessary adverse effects on the U.S. energy system and
economy are available.

1.2 Policies Analyzed for the E-EPIC Study

Three major new initiatives to reduce emissions of NOX, SO2, and CO2 are anticipated over
roughly the next decade. Although the emission reductions required under these three initiatives
have not been defined precisely, they could be currently described as follows:

•  To help reduce long-range transport of ozone and ozone precursors, utilities in 22 eastern
U.S. states and the District of Columbia may be required to reduce NOX emissions by about
85 percent from 1990 baseline levels; these reductions should be achieved by about 2003, in
order to comply with an emissions cap in the summer across the affected region.

•  To help achieve new standards for fine particulate matter and to address related visibility
concerns, utilities may be required to make additional reductions in SO2 emissions. 1990
Clean Air Act Amendments require utilities to reduce SO2 emissions to about 8.95 million
tons per year between 2000 and 2009. Additional reductions of up to 60% could be required
in the 2006 to 2010 timeframe. (For the purpose of this study, it is assumed that an additional
50% reduction would be required beginning in 2007.)

•  To help stabilize future greenhouse gas atmospheric concentrations, net carbon emissions
from all U.S. sources would be reduced to about 1250 million metric tons (MMT), equal to
93 percent of 1990 baseline levels, during the 2008-2012. The U.S. Energy Information
Administration (EIA) estimates that U.S. carbon emissions were about 1463 MMT in 1996—
about 9 percent above 1990 levels—and projects that, in the absence of restrictions, they
would grow to about 1790 and 1975 MMT by 2010 and 2020, respectively (EIA, 1998).

Taken together, these initiatives comprise what is referred to in this report as the “Current Policy
Direction.” However, they address environmental challenges of different geographic and
temporal nature. NOX and SO2 are local and regional pollutants with short-term impacts on ozone
and particulate matter levels. The NOX and SO2 emission reductions included in the Current
Policy Direction are intended to bring specific areas into compliance with the national ambient
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air quality standards within the next decade. In contrast, CO2 and other greenhouse gases (GHG)
are being targeted because of their potential for global, long-term effects. The Kyoto Protocol’s
objective is to stabilize global atmospheric concentrations over the long term, such as by 2050 or
2100, although the Current Policy Direction calls for near-term carbon emission reductions.
Because GHG concentrations are dependent on cumulative global emissions over a period of
time extending over decades, they will only slightly be affected by near-term emission
reductions.

Although the NOX reduction requirements have been promulgated, the specific reduction
requirements for individual emission sources have not yet been set12. The SO2 requirements have
been discussed but not formally proposed. The Kyoto Protocol’s CO2 requirements and the
extent of emission reductions that would have to occur within the United States are still the
subject of debate, as is the commitment of the U.S. to the implementation of the Protocol.

For the E-EPIC analysis, it was assumed that energy sector carbon emissions would have to be
reduced only to 109% of 1990 emissions rather than to the 93% nominally called for by the
Kyoto Protocol. The difference reflects assumed opportunities to accomplish reductions equal to
about 4% of 1990 emissions through domestic carbon sequestration projects. It is further
assumed that an international emission trading program will be established before carbon
emission reduction requirements take effect, and that through this program the U.S. will be able
to purchase carbon credits from foreign sources equivalent to about 12% of 1990 emissions.
These are optimistic assumptions. Should they prove unwarranted, and particularly if
international carbon credits are not available in the anticipated quantities, the adverse effects on
the U.S. economy and energy system would be very substantially greater than those projected in
this report.

At present, each of these initiatives is being considered independently, largely without taking
into account interactions among them. However, interactions between these initiatives are certain
to be important, because they are scheduled to be implemented in such a rapid sequence (Figure
1-1).

                                                          
12 The NOx reduction requirements are currently the subject of a legal challenge, but EPA has stated that it does not
expect this to result in any delay in implementation.
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• Phase II SO2 Cap (2000)
• Proposed 22 state NOX  Cap

(2003)
• Potential 50% SO2 Cap Cut

(2007)
• CO2 / Kyoto (2008-2012)

2000 21002050

Long-Term CO 2
Concentration Target

Figure 1-1
Current Proposals to Reduce NOx, SO2, and CO2 Emissions Are Closely Sequenced

In addition to this Current Policy Direction, alternative policies that have the potential to lead to
lessened adverse consequences were also analyzed for this study. These policies, referred to as
the “Carbon Glide Path to 2020/2030,” begin carbon reductions in 2005 (about the same
beginning point as would be necessary to meet the reduction target under the Current Policy
Direction on schedule), but reach the final carbon emission reduction at a later date (2020 or
2030). In each case, the final target is set at a level that would result in cumulative carbon
emissions from 2000 to 2050 equal to those under the Current Policy Direction. (These Glide
Path policies also eliminate the additional 50% SO2 reduction in 2007.) Hence, with regard to the
slope of the carbon reduction path over time in comparison to the Current Policy Direction, the
Glide Path policies are less steep, but are equally deep.

Finally, to provide a baseline comparison, a “Business as Usual” policy was analyzed. Of the
emission reduction requirements of the Current Policy Direction, this policy includes only the
requirements to reduce SO2 beginning in 2000, since these requirements are already in effect.
The Business as Usual policy thus corresponds to the “reference case” in the U.S. Energy
Information Agency’s Annual Energy Outlook 1999.

1.3 Study Approach

These policies were evaluated using a well-documented integrated modeling capability, (1) the
National Energy Modeling System (NEMS) model developed by EIA that covers the period to
2020 and (2) an extended version of the Electricity Market Module of NEMS that covers the
impacts on the electricity sector for the period to 2050. Additional analyses using supplemental
information were performed as necessary to provide greater detail. The modeling approaches
employed are described in detail in the Appendices to this report.

1.4 Organization of This Report

The remainder of this report is organized as follows:
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•  Chapter 2 addresses the issue of how the Current Policy Direction would affect the mix of
fuels used to produce electricity in the U.S. and how changes in the fuel mix might affect the
long-term sustainability of the U.S. energy system.

•  Chapter 3 addresses the issue of productive use of energy assets and how the Current Policy
Direction would affect such use. “Productive use” refers to the ability to derive value from
both existing energy assets (e.g., fuel resources, fuel supply infrastructure, electric generating
plants, emission control equipment) and those new assets that would be invested in to meet
the requirements of a policy.

•  Chapter 4 addresses the issue of technology advances. This encompasses the issue of whether
the technology advances necessary to meet the requirements of the Current Policy Direction
can be expected to be developed and available for deployment “on time.” It also includes the
issue of how advances in energy technologies would themselves be affected by the Current
Policy Direction.

•  Chapter 5 addresses the economic impacts of implementing the Current Policy Direction.

•  Chapter 6 discusses evaluation of implementing the Current Policy Direction and alternative
approaches to accomplishing similar environmental objectives.

•  Chapter 7 provides conclusions from this study.

•  A series of appendices provides further analysis and technical information on several
subjects, including development of biomass energy sources, expansion of natural gas
supplies, the approach used to model impacts occurring from 2020 to 2050, and sensitivity
analyses on key assumptions in the model.
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2 
EFFECTS ON FUEL MIX FOR ELECTRIC GENERATION

2.1 National Energy and Environmental Scenarios Examined

The combined choices of energy providers and consumers during the next fifteen years will
greatly affect the long-term efficiency and stability of the U.S. energy system for many years to
come. Because the U.S. energy system and its supporting infrastructure are long-lived and highly
capital intensive, it will take decades to shift the fuels, resources, and technologies that supply
and consume energy in our modern industrial economy. This chapter compares three projections
for the major energy consuming and supply sectors, quantifying their interrelationships and
effects on the U.S. economy over the period 2000 to 2050. These three projections differ because
of the combined effects of several prospective air emission reduction initiatives that could go
into effect within the next ten years. They also reflect the timing and improvement of
technologies for energy production, delivery and consumption that may become available during
this period. Technology advances will be essential to move the U.S. energy system in a direction
that can be sustained through the first half of the 21st Century. The first set of projections
represents a “Business As Usual” (BAU) scenario. The BAU scenario provides a reference case
that is based on energy, environmental and economic regulations and policies in effect or
mandated as of early 1999. In addition, BAU incorporates likely technological improvements,
fuel market characteristics and economic responses to future energy demands in the energy
supply and consuming sectors. The second set of projections, the “Current Policy Direction,” is
based on air emission reduction initiatives for NOx, SO2, and carbon emissions that have been
proposed for implementation early in the 21st Century, along with the assumptions used for the
BAU scenario. The third set of projections, “Carbon Glide Path to 2030,” is an example of an
alternative reduction path for carbon emissions that might avoid some of the near-term adverse
impacts of the Current Policy Direction., The carbon reductions achieved under the Carbon Glide
Path to 2030 case are designed to lead to the same cumulative nationwide carbon emissions over
the 1999 to 2050 period as those under the Current Policy Direction, but those reductions take
place over a longer period of time. Because the objective for carbon reductions is to achieve a
long-term stabilization of the concentration of carbon in the earth’s atmosphere (as opposed to
the short-term air quality objectives associated with NOx and SO2 reductions), this objective
would still be met under the Carbon Glide Path to 2030.

Federal air quality regulations scheduled to be implemented within the next five years include
Phase II of the Acid Rain program, which begins in year 2000, and a summertime cap on
Nitrogen Oxide (NOx) emissions in 22 eastern states, assumed to begin in 2003 in all three
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scenarios.13 The reductions in Nitrogen Oxide (NOx) emissions are intended to address the long-
range transport of ozone and its role in contributing to urban smog. The projected reductions

would yield about an 85 percent reduction in summer NOx emissions from power plants in 22
eastern states, relative to 1990 emissions. Two additional emission reduction initiatives are
included in the Current Policy Direction scenario, but not in the BAU scenario. These are:

Reductions in Sulfur Dioxide (SO2) emissions to help achieve new standards for fine particulate
matter and to address visibility concerns. The Current Policy scenario would require electric
utilities to reduce nationwide annual SO2 emissions to 50 percent of the level permitted under
Phase II of the Acid Rain Program, which was established by the 1990 Clean Air Act
Amendments. The scenario assumes that nationwide SO2 emission allowance allocations are
reduced to 4.5 million tons per year in 2007, and in years thereafter, instead of allocating
allowances at the Phase II level of 8.95 million tons per year.

Reductions in Carbon Dioxide (CO2) and other carbon emissions to meet the goals outlined for
the U.S. in the 1997 Kyoto Protocol on Global Climate Change. This would require stabilizing
U.S. carbon emissions at seven percent below the 1990 emissions level, averaged over the period
2008-2012, or at a higher level, if credit can be obtained for other reductions of greenhouse
gases. Credit can, in principle, be obtained for carbon sequestration, for joint implementation
(funding of overseas carbon mitigation projects), or by the purchase of international carbon
permits created by reductions of carbon emissions in other countries.

The “Current Policy Direction” scenario assumes that energy-related carbon reductions in the
U.S. would achieve a carbon emissions level in the energy sector equivalent to the 1990 carbon
emissions level + 9%, during the 2008 to 2012 period and continuing thereafter at the 1990 + 9%
level. This level corresponds to about 1467 million metric tons (tonnes) of annual carbon
emissions.14 The 1990 + 9% emissions projection also assumes that the remaining portion of the
U.S. obligation under the Kyoto Protocol could be met by a combination of carbon sequestration
by trees and plants (4% of 1990 emissions) and the purchase of international carbon permits. The
carbon permits are assumed to be purchased at the prevailing U.S. market price in sufficient
quantity to account for any remaining difference between each year’s emissions and the
obligation level, after receiving credit for carbon sequestration within the U.S. This means that
carbon permits would be purchased to account for the difference between each year’s emissions
in the U.S. and the 1990 – 3% level that would apply after receiving credit for sequestration
projects.

Under both the “Current Policy Direction” and the “Carbon Glide Path to 2030” a carbon tax is
imposed on fossil fuels. The tax is set annually at a level that makes the NEMS model project
carbon emissions in the targeted quantities each year. The tax is collected from energy
consumers (industrial, commercial, and residential) as carbon is emitted. This effectively
increases the costs of burning fossil fuels and induces consumers to switch to more efficient or
                                                          

13 The NOx reduction requirements are currently the subject of a legal challenge, but EPA has stated that it does not
expect this to result in any delay in implementation.

14 Energy-related carbon emissions in the U.S. were calculated to be 1346 million metric tons in 1990, about 82
percent of total U.S. carbon emissions in that year.
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lower carbon emitting technologies. These changes in consumer behavior are, in turn, reflected
in the decisions of energy and fuel producers.

The “Carbon Glide Path to 2030” would achieve the same cumulative U.S. carbon emissions
from 1999 to 2050 as the “Current Policy Direction.” This scenario also assumes that the 22 state
NOx cap is implemented, as in the other scenarios, but it does not include the additional 50
percent reduction in SO2 emissions that is part of the “Current Policy Direction.” Under the
Carbon Glide Path U.S. carbon emissions decline to 1415 million metric tonnes per year (equal
to 1990 emissions plus 5%) by 2030.

2.2 U.S. Fuel Mix Diversity

2.2.1 Energy Diversity From 1990 to 2050

Given existing energy and environmental policies and the foreseeable economics of fuels and
technologies, the Energy Information Administration (EIA) has projected U.S. energy demands,
end-use and supply technology characteristics, fuel availability, and prices between 1990 and
2020. The EIA’s baseline projection, designated as its 1999 Annual Energy Outlook reference
case (AEO99), corresponds to BAU in this analysis.15 This study has extended the projections
under BAU to the year 2050 by performing macro-economic analysis of regional energy
demands, fuel supplies, and fuel shares for the residential, industrial, commercial, transportation,
and electric sectors and by applying NEMS Electricity Market Module. The consumption of
primary energy resources by fuel type under BAU is presented in Table 2-1 and shown in Figure
2-1.

The mix of U.S. overall energy resources now in place is illustrated by the balance between
natural gas and coal: each supplied about 23% of U.S. primary energy in 1990. In 2020, under
BAU natural gas is expected to supply about 28% and coal about 22% of U.S. primary energy.
Continuing to overshadow both coal and natural gas use is petroleum consumption, which
accounts for about 40 percent of our primary energy use largely due to its extensive use in the
transportation sector.

Today, natural gas is used predominantly for heating homes and businesses and fueling industrial
processes. Its position as an environmentally attractive and competitively priced fossil fuel is
leading to rapid growth in its use, particularly for new electric generating plants. However, only
about 14 percent of U.S. natural gas consumption is currently used to generate electricity, so
considerable new infrastructure for gas supply and delivery must be added to accommodate the
doubling of gas demand for electric generation under BAU in the next 10 years. Under the
Current Policy Direction natural gas consumption by the electric sector would nearly quadruple
over the next ten years in order to meet carbon reduction goals, while under a Carbon Glide Path
to 2030 consumption of natural gas for electric generation would triple from 3.2 quads in 2000 to
about 10.6 quads in 2010.

                                                          
15 Energy Information Administration, “Annual Energy Outlook 1999.” Report DOE/EI2-0383(99), December 1998.
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In contrast to natural gas, almost 90 percent of U.S. total coal consumed is currently burned to
generate electricity. Thus, while coal and gas each supply about a quarter of U.S. primary energy
consumption, coal is the backbone fuel for electricity production, providing over 56 percent of
total U.S. generation in 1997.

Table 2-1
U.S. Primary Energy Consumption by Fuel Under Business-as-Usual (Quads, Percent of
Total)

Supply Source 1990 2000 2010 2020 2050

Petroleum 33.6 (40.1%) 39.1 (39.3%) 44.2 (39.8%) 48.1 (40.0%) 57.4 (42.2%)

Natural Gas 19.2 (22.9%) 23.2 (23.5%) 29.0 (26.1%) 33.4 (27.8%) 31.8 (23.4%)

Coal 18.9 (22.5%) 22.8 (22.9%) 24.1 (21.6%) 26.2 (21.8%) 31.2 (22.9%)

Nuclear 6.2 (7.3%) 7.0 (7.0%) 5.9 (5.3%) 3.9 (3.2%) 0.1 (0.1%)

Hydro-electric 3.0 (3.5%) 3.3 (3.3%) 3.3 (2.9%) 3.3 (2.7%) 3.3 (2.4%)

Non-hydro
renewables

2.9 (3.5%) 3.6 (3.6%) 4.2 (3.8%) 5.0 (4.2%) 11.5 (8.5%)

Other 0.0 (0.0%) 0.5 (0.5%) 0.4 (0.4%) 0.3 (0.4%) 0.7 (0.5%)

U.S. Total 83.7 (100%) 99.3 (100%) 111.1 (100%) 120.3 (100%) 136.0 (100%)

Source: EPRI NEMS analysis.
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Figure 2-1
Mix of Primary Energy Supplies and U.S. Fuel Sources Projected Under BAU
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Figure 2-2 shows the current and projected mix of fuels used to generate electricity under the
baseline BAU projection.

US Electric Generation by Fuel  1990-2050 
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Figure 2-2
Current and Projected Mix of Fuels Used to Generate Electricity Under BAU

Under BAU nuclear power is projected to diminish over time, as nuclear power plants age and
are replaced by other sources of power. The future of nuclear power is a huge question mark. If
nuclear power can be supplied at a competitive price, and if nuclear plants are successfully
relicensed, they can generate electricity that is not accompanied by emissions of criteria air
pollutants (SO2, NOx, CO, particulates, and VOCs) or by CO2. In the long run, substantial
increases in nuclear power generation may be necessary to sustain lower global levels of carbon
emissions. However, nuclear power has its own unique characteristics that affect its viability as a
long-run energy source within the U.S. Under the projections developed for this study nuclear
power is phased out as existing nuclear plants are retired. These projections are driven by the
cost and performance assumptions used by EIA in the NEMS model; other assumptions (for
nuclear power generation or for other competing forms of generation) could lead to different
results. While EPRI does not necessarily endorse the assumptions used by EIA, it has generally
not changed those assumptions for the purposes of this study.

Hydroelectric power and other non-hydro renewable energy resources also contribute to the U.S.
energy mix. However, hydro resources are limited and are not expected to increase much, if at
all. Because of land use, ecological and other environmental effects, the total hydroelectric
generation in the U.S. may only just remain at current levels, or it could decline. Silting problems
and operational requirements will require many hydroelectric dams and their turbine-generators
to be refurbished or replaced in order to maintain their operation over the next fifty years. The
future of other renewable power sources, especially for electric generation, is also uncertain,
since these technologies have yet to achieve widespread market penetration. Their growth will
require substantial research and development and a sustained commitment to their introduction
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and commercialization. Even given the improvements in renewable technologies assumed by
EIA, baseline projections out to 2020 are that coal and gas-fired electric power plants will remain
less costly than non-hydro renewable energy resources under BAU.16

Although the efficiencies of energy production and consumption will improve as more efficient
technologies are commercialized, overall U.S. energy consumption is likely to increase in order
to supply a growing population.17 As can be seen from Figure 2-1, overall U.S. energy
consumption is expected to rely on fossil fuels for the next fifty years under BAU. Oil would
continue to fuel the transportation sector, and coal would remain as the backbone fuel for electric
generation. Natural gas would heat homes and fuel commercial and industrial processes, as well
as capturing a major share of U.S. electricity production in new combined cycle units and
combustion turbine generators.

Table 2-2
U.S. Electric Generation by Fuel Under Business-as-Usual (Billion kWh, Percent)

Generation
Fuel Type 1990 2000 2010 2020 2050

Petroleum 122 ( 4.0%) 114 (3.0%) 30 (0.7 %) 27 (0.6%) 23 (0.4%)

Natural Gas 402 (13.1%) 537 (14.3%) 1167 (27.0%) 1554 (32.4%) 1326 (24.5%)

Coal 1595 (52.2%) 1995 (53.4%) 2105 (48.7%) 2361 (49.2%) 3244 (60.0%)

Nuclear 577 (18.9%) 659 (17.6%) 554 (12.8%) 367 (7.6%) 11 (0.2%)

Hydro-electric 288 (9.4%) 323 (8.6%) 324 (7.5%) 324 (6.8%) 324 (6.0%)

Non-hydro
renewables

67 (2.2%) 109 (2.9%) 129 (3.0%) 163 (3.4%) 476 (8.8%)

Other 4 (0.1%) 7 (0.2%) 9 (0.2%) 0 (0.0%) 0 (0.0%)

U.S. Total 3055 (100%) 3744 (100%) 4318 (100%) 4796 (100%) 5412 (100%)

Note: Scenario B2xt_vg, September 1999. Includes cogenerators.

Over the next two decades natural gas is projected to increase its share of electric generation to
over 30% by 2020 under BAU. However, due to natural gas price increases and the continuing

                                                          
16 The EIA’s baseline projection, as well as this study’s BAU, does not assume a Renewable Portfolio Standard.
Rather, it relies on the projected economic and operating characteristics of renewables-fueled technologies
compared to competing energy technologies and fuel supplies over this period. A commitment to a Renewable
Portfolio Standard and a lowering of renewable costs through, for example, an intensive R&D program would
increase the non-hydro renewables share of generation.

17 These projections assume that the U.S. population of 270 million today will grow to 298 million in 2010, 323
million in 2020 and 394 million in 2050. (source)
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improvement of both gas-fired and coal-fired generating technologies, the natural gas share of
generation would fall to 25% by 2050. Because of its attractiveness as a fuel, natural gas is
projected to account for about 26% of U.S. primary energy consumption under BAU by year
2010, growing to 28% by 2020 and remaining at 23% in 2050. Under BAU coal will remain the
predominant low cost fuel for electricity generation. Petroleum will be burned mostly in peaking
units that generate electricity during a relatively few peak hours each year, thus fueling only a
small percentage of annual electricity generation.

2.2.2 Long-Term Effects of the Current Policy Direction and the Carbon Glide Path
to 2030 on Fuel Mix and Electric Generation

The Current Policy Direction analyzed in this study would reduce U.S. energy sector carbon
emissions from Business As Usual levels of 1990 + 30% in 2008, and 1990 + 47% in 2020, to
1990 + 9% levels by 2008. Under the Current Policy Direction this level of carbon emissions,
1467 million metric tonnes per year, would be maintained after 2008. Under a Carbon Glide Path
to 2030, U.S. carbon emissions would be steadily reduced from 1990 + 17% in 2008 until
reaching the 2030 target. Thereafter, emissions would be maintained at 1990 + 5%.18 Cumulative
U.S. carbon emissions from 1999 to 2050 would be 103,000, 77,500, and 77,500 million metric
tonnes under BAU, the Current Policy Direction and the Carbon Glide Path, respectively. Figure
2-3 illustrates these emissions over time. The difference between U.S. emissions and the Kyoto
target emission level, 1990 – 7%, would be accounted for by the purchase of international carbon
permits at the prevailing market price and by carbon sequestration projects in the U.S. The
market price in each year is assumed to be set by the marginal cost of reducing carbon emissions
in the U.S. This value corresponds to a carbon penalty or a carbon tax that is applied to reduce
carbon emissions in these simulations. The annual carbon tax levels necessary to achieve the
emissions shown in Figure 2-3 are presented in Figure 2-4.

                                                          
18 Many alternative carbon reduction strategies and paths are possible. The Current Policy Direction and the Carbon
Glide Path to 2030 illustrate but two potential alternative reduction strategies.
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U.S. Energy-Related Carbon Emissions Under Alternative Carbon Strategies, 1990-2050
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If implemented, Current Policy would have major near-term impacts on the U.S. energy system
as a whole and on the electric utility sector, in particular. To achieve these significant emission
reductions, the overall U.S. fuel mix, as shown in Figure 2-5 and Table 2-3, would have to
change rapidly. (Compare to Table 2-1 and Figure 2-1.) Changes in the primary fuel mix would
reduce coal consumption by over two-thirds, replacing coal with natural gas and renewables that
are assumed to be available when needed in these projections--at future prices that reflect supply
and demand conditions. U.S. reliance on coal as a primary fuel would drop from 22 percent
under BAU to around 5 percent under the Current Policy by 2020, with most of the decline
occurring between 2005 and 2015. Natural gas would increase its share of the U.S. energy mix
from 28% in 2020 under BAU to 36% under the Current Policy.
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Figure 2-5
U.S. Primary Energy Consumption Under the Current Policy Direction Scenario, 1990-2050
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Table 2-3
U.S. Primary Energy Consumption by Fuel Under the Current Policy (Quads, Percent)

Supply Source 1990 2000 2010 2020 2050

Petroleum 33.6 (40.1%) 39.1 (39.3%) 42.4 (41.9%) 46.1 (42.8%) 51.3 (40.3%)

Natural Gas 19.2 (22.9%) 23.2 (23.5%) 31.9 (31.5%) 38.4 (35.6%) 27.5 (21.6%)

Coal 18.9 (22.5%) 22.8 (22.9%) 11.0 (10.8%) 4.9 (4.5%) 27.2 (21.4%)

Nuclear 6.2 (7.3%) 7.0 (7.0%) 6.7 (6.6%) 6.3 (5.8%) 0.1 (0.0%)

Hydro-electric 3.0 (3.5%) 3.3 (3.3%) 3.4 (3.4%) 3.4 (3.2%) 3.4 (2.7%)

Non-hydro
renewables

2.9 (3.5%) 3.6 (3.6%) 5.5 (5.4%) 8.4 (7.8%) 17.4 (13.7%)

Other 0.0 (0.0%) 0.5 (0.5%) 0.4 (0.4%) 0.3 (0.3%) 0.5 (0.4%)

U.S. Total 83.7 (100%) 99.3 (100%) 101.3 (100%) 107.8 (100%) 127.4 (100%)

As can be seen in Figure 2-6, where non-electric sector carbon emissions are plotted separately
from the carbon emissions produced by electric generation, the electric generation sector would
provide most of the carbon emission reductions required under the Current Policy Direction.
Transportation, commercial, industrial and residential sectors all apparently face higher marginal
costs of carbon reduction than the electric sector, even when end-use efficiency improves.
Therefore, the burden of carbon reduction is projected to fall principally upon electric generators.



Effects on Fuel Mix for Electric Generation

2-11

U.S. Carbon Emissions by Sector 
(million metric tonnes per year)

 Business As Usual -  Reference Case

0

500

1,000

1,500

2,000

2,500

3,000

1990 2000 2010 2020 2030 2040 2050

Electric
Generation

Transportation
non-electric

Industrial non-
electric

Commercial
non-electric

Residential
non-electric

Source: VHC9/14/99.

U.S. Carbon Emissions by Sector 
(million metric tonnes per year)

 Current Policy Direction -- 1990 + 9%

0

500

1,000

1,500

2,000

2,500

3,000

1990 2000 2010 2020 2030 2040 2050

Electric
Generation

Transportation
non-electric

Industrial non-
electric

Commercial
non-electric

Residential non-
electric

Source: VHC9/16/99.

Figure 2-6
U.S. Carbon Emissions 1990-2050 Under Business as Usual and Under Current Policy



Effects on Fuel Mix for Electric Generation

2-12

The impacts on fuel diversity in the electric utility sector would be much more dramatic (Table
2-4). Coal use for electric generation would drop by over 75 percent between 2000 and 2020
under the Current Policy, while gas-fired generation would grow by nearly 400 percent over the
same period.

Table 2-4
U.S. Electric Generation by Fuel Under the Current Policy Direction (Billion kWh, Percent)

Generation
Fuel Type 1990 2000 2010 2020 2050

Petroleum 122 (4.0%) 114 (3.0%) 19 (0.5%) 40 (0.9%) 19 (0.3%)

Natural Gas 402 (13.1%) 537 (14.3%) 1900 (47.2%) 2733 (61.3%) 825 (14.6%)

Coal 1595 (52.2%) 1995 (53.4%) 896 (22.2%) 317 (7.1%) 3298 (58.7%)

Nuclear 577 (18.9%) 659 (17.6%) 623 (15.5%) 553 (12.4%) 11 (0.2%)

Hydro-electric 288 (9.4%) 323 (8.6%) 328 (8.2%) 334 (7.5%) 334 (5.9%)

Non-hydro
renewables

67 (2.2%) 109 (2.9%) 251 (6.2%) 475 (10.7%) 1118 (19.9%)

Other 4 0.1%) 7 (0.2%) 6 (0.1) 8 (0.2) 9 (0.2%)

U.S. Total 3055 (100%) 3744 (100%) 4023 (100%) 4460 (100%) 5614 (100%)

Source: EPRI NEMS analysis. Includes cogenerators.

Under the Current Policy Direction natural gas would need to increase its share of total annual
electric production from about 15% in year 2000 to 47 percent within only ten years, and to 60
percent by 2020. Annual gas use for generation would, however decline by 2030, dropping by
about twenty-five percent because of natural gas price increases and emerging carbon capture
technologies (which could be used with either gas or coal generating plants). These
developments could then render some of the large amount of gas-fired capacity installed to meet
the 2008 Kyoto timetable uncompetitive, depending on when superior technology becomes
available and how rapidly gas prices rise. The projections developed for this study show the gas
share of electric generation falling to less than 15% by 2050.

Over the same period coal use would plummet from 53 percent of electric generation in 2000 to
22 percent by 2010 and to only 10 percent by 2020. Coal would no longer be the backbone fuel
for U.S. electric generation. The coal supply system would be effectively dismantled, only to
have coal re-emerge as the low cost fuel when carbon capture and sequestration technologies
become competitive for electric generation. The projections developed for this study show the
coal share of electric generation falling to less than 10% in 2020, only to rebound to 58% in
2050.
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Comparing Figures 2-2 and 2-7 allows us to see the time path of the major changes in the U.S.
electric generation mix that would occur to satisfy the Current Policy Direction. The Carbon
Glide Path to 2030 would mitigate some of these impacts, particularly the rapid energy
infrastructure shifts and energy price run ups that would occur between 2005 and 2020.
However, it would do relatively little to change the pattern of rising, and then falling, gas use,
nor would it alter the complementary pattern of falling, and then rising, coal use for electric
generation.
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Figure 2-7
U.S. Electric Generation by Fuel Under the Current Policy Direction, 1990-2050

To achieve 1990 + 9% carbon emission levels in the U.S. energy system primarily by making
reductions in the electric generating sector over the next decade, gas-fired and non-hydro
renewable generation would need to expand very rapidly, by a magnitude not previously
attempted or achieved. Non-hydro renewable electric generation will need to increase by 300
percent within the next twenty years to reach the levels projected here. At the same time this
rapid expansion is occurring, the Current Policy Direction would virtually eliminate the U.S. coal
industry on which we now depend on for 56 percent of our electric generation.

Figures 2-8 and 2-9 show projected carbon emissions by electric generators from coal, oil and
natural gas. Until carbon sequestration technologies penetrate the market, the bulk of carbon
emissions will come from coal, but an increasing share will come from natural gas. Natural gas
emits about 14.5 million metric tonnes of carbon per quadrillion Btu (1015 Btu) of fuel burned,
compared to coal, which emits about 25.7 Mtonne per quad, residual fuel oil: 21.5 Mtonne per
quad, and distillate fuel oil: 20.0 MMtonne per quad. Carbon capture technologies might reduce
these emission rates by 90 percent, but it could take several decades for their development,
which is, at present, uncertain.
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U.S. Electric Sector Carbon Emissions Under Business-as-Usual, 1990-2050
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U.S. Electric Sector Carbon Emissions Under the Current Policy Direction, 1990-2050
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The rapidity of the transition away from coal to natural gas and renewable technologies raises a
large number of questions: Can coal-fired generation be replaced so quickly? Is it feasible to
expand the gas supply and delivery infrastructure so rapidly? Will renewable and low carbon
emitting technologies be as available and affordable as projected here? What are the long-term
impacts on the U.S. energy system of such a rapid transition?

To begin to answer the last question, it is important to consider whether or not the state of the
U.S. energy system after achieving a short-term carbon reduction goal would put us in a good
position to make a successful long run transition to a more sustainable energy system.

2.3 Long-Term Energy System Sustainability

To reach environmental goals and achieve the objectives of a sustainable energy system, the U.S.
will need to make a transition away from its reliance on fossil fuels for 85 percent of its primary
energy, or develop new technologies that provide a means to utilize fossil fuels without
producing the emissions associated with today’s fossil-fuel technologies. This transition cannot
be accomplished overnight, particularly since replacement technologies and resources are either
not commercially competitive with fossil fuels, are not yet available in sufficient quantities, or do
not yet exist. Certainly, the transition to non-fossil resources cannot occur unless new
technologies are successfully developed and deployed in a timely fashion.

In the long run, long-lived energy technologies must achieve significant carbon reductions, as
well as reduction in other pollutants. Even if some carbon reductions can be accomplished in the
short term, sustainable carbon emission reductions will require a diverse set of technologies to be
developed and deployed. Will compliance with the short-term policy goals of the Kyoto Protocol
encourage or inhibit the development of sustainable technologies? Will the energy system that
would be constructed under the Current Policy Direction provide the sought after long-term
carbon reductions while supporting economic growth comparable to that which we have enjoyed
in the 20th Century?

In this section, we briefly assess each major energy resource and consider whether its use is
likely to be sustainable in the long run.

2.3.1 Natural Gas as a Sustainable U.S. Energy Supply Option

Will Long-Term U.S. Natural Gas Resources Be Adequate?

While there are adequate gas supplies to meet the high demand requirements of the Current
Policy Direction through 2020, it is an open question how long total U.S. domestic supplies will
eventually last. Based on the initial post-2020 analysis in this study, there may not be adequate
domestic natural gas supplies to last through 2050. Indeed, under some carbon reduction and gas
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reserve scenarios, the U.S. might be unable to replace its proven natural gas reserves by as early
as year 2025, if the current moratorium on offshore drilling is maintained.19

At issue are several current policies that presently limit the availability of U.S. natural gas
supplies. These policies include the current moratorium on offshore drilling and limitations on
building new LNG facilities20. There are also physical limitations to the U.S. gas resource base,
despite its enormous size. According to the Potential Gas Committee (PGC), less than 15 percent
of the assessed resource base is proven reserves, with the remaining 85 percent yet to be
discovered. Furthermore, speculative resources represent approximately 40 percent of the PGC
assessed resource base, which incorporates foreseeable advances in technology within the
industry.21 Even the PGC’s total estimated gas resource base of 1205 Tcf, including speculative
resources, could be exhausted before 2050 if natural gas replaces coal, nuclear power is phased
out, or if the projected resource base does not expand by one percent per year over the next fifty
years.22

                                                          
19 Details of the analysis that supports this statement are presented in an Appendix. Rising prices are likely to
forestall complete resource exhaustion, as substitution of other energy resources occurs.

20 LNG facilities could be used either to bring gas to the contiguous U.S. from Alaska or to import gas from foreign
sources.

21 The Potential Gas Committee (PGC), which is coordinated by the Colorado School of Mines and includes
representatives from a wide variety of exploration and production companies, has projected that the total U.S. gas
resource base is 1,205 trillion cubic feet, including proven and speculative reserves. Potential Gas Agency Colorado
School of Mines, Potential Supply of Natural Gas In The United States, March 1999.

22 Synthetic natural gas (SNG) and lower Btu synthesis gas could be produced from coal and possibly other energy
resources such as oil shale. However, these options present technical problems, such as production of carbon dioxide
and other emissions, as well as difficulties in the transportation and use of synthetic gas. Considerable research and
development will be needed to make these options available at acceptable prices, which could take several decades.
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Figure 2-10
Potential Gas Committee Assessment of Total U.S. Gas Resource Base

Issues Affecting Long-Term Gas Supplies

While the PGC assessment provides an estimate of U.S. gas resources, there are several other
issues that also affect the long-term outlook for domestic natural gas supplies. These include,
among others, the current offshore drilling moratorium and the likelihood of bringing increased
liquefied natural gas (LNG) supplies to the U.S. market. In the post-2020 timeframe U.S. policy
on both of these issues could significantly impact the adequacy of U.S. gas supplies needed to
meet the higher gas demand levels needed under the Current Policy Direction.

Primarily in response to oil spills (e.g. offshore Santa Barbara and in the Prince William Sound)
current U.S. law precludes drilling in any of the offshore areas of the U.S., except for the central
and western regions of the Gulf of Mexico (see Figure 2-11).
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Figure 2-11
Lower-48 Moratorium Areas for U.S. Drilling

This drilling moratorium was recently extended to 2012, and current judgment is that it will
likely be extended for another 10 year period, if not indefinitely. Given the projected need for
additional gas, significant tension could arise between U.S. policy precluding drilling in offshore
areas and the need for future gas supplies.

Analysis of U.S. Gas Demand and Supply From Year 2000 to 2050

U.S. domestic gas supply and demand has been evaluated, in order to begin to assess the
adequacy of U.S. gas supplies out to year 2050. Figure 2-12 (Andy – please move the figure
closer to this text) compares projected gas demands for the electric, residential, industrial,
commercial and transportation sectors for BAU and the Current Policy Direction. Under Current
Policy, the demand for gas for electric generation must increase very rapidly after 2005, in order
to achieve near-term carbon reductions. Also under Current Policy, over time residential and
commercial consumers would substitute some additional electricity for natural gas, because the
carbon tax significantly raises the delivered prices of all fossil fuels.

Natural gas supply options were analyzed to balance supply and demand in each year, including
expanded domestic drilling, imported LNG, imported gas from Canada, and the assumed
elimination of the current drilling moratorium by 2022. These assumptions apply to the two post-
2020 projections shown in Figure 2-12. Prospects for advances in technology beyond that
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foreseen by the PGC assessment were also considered. Additional advances in technology would
enable the industry to access supplies not now considered recoverable. Total U.S. gas resources
are also assumed to increase by one percent every year over the next fifty years. However, at the
point where cumulative gas consumed would leave only 9.5 years proven reserves, if not before,
gas supplies and prices would tighten considerably. The dates when domestic natural gas
resources could become constrained are indicated in Table 2-5.23

Table 2-5
Potential Exhaustion of U.S. Natural Gas Resources

Year U.S. Natural Gas Resources Constrained

Moratorium
Continued

and Current PGC
Assessment of
Gas Resources

Moratorium Continued
and Assessment of

Gas Resources
Increased

Moratorium
Repealed

and Assessment of
Gas Resources

Increased

BAU 2031 2038 2050+

Current Policy Direction 2027 2035 2050+

Current Policy with Higher
Macroeconomic Growth 2025 2031 2045

“Year U.S. Gas Resources Constrained” is the first year when proved U.S. reserves fall below 9.5 years
remaining total resources.

                                                          
23 The methodology and approach are described in Appendix B.
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Figure 2-12
U.S. Natural Gas Consumption, 1990 – 2050, Under BAU and Current Policy Direction
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A similar analysis for the Canadian gas resource base and, consequently, for Canadian exports to
the U.S., indicates that Canada will become heavily dependent upon gas from frontier areas and
gas from coal-bed methane in the post-2020 timeframe. Despite this stress on Canadian gas
production, U.S. imports are assumed to reach approximately 6 TCF per year over the entire
post-2020 period through 2050. In the absence of these Canadian imports, U.S. gas reserves
would be exhausted earlier.

Summary of the Long-Term Natural Gas Picture

Over the next decade the United States will substantially increase its consumption of natural gas,
because of its desirable characteristics and competitive prices, even in the absence of mandated
carbon reductions. However, the additional gas consumption resulting from the Current Policy
Direction would severely challenge a gas industry that is already rapidly expanding. If access to
offshore resources subject to the current moratorium remains prohibited, total U.S. resources,
including proven, probable, possible, and speculative resources, could be exhausted between
2030 and 2050, regardless of our carbon policies. This situation could be alleviated if the
offshore drilling moratorium is lifted or new technologies come to fruition that reduce U.S.
annual gas consumption below the peak levels projected to occur in 2025. This study suggests
that natural gas is, ultimately, not a sustainable energy resource, but rather, must provide a bridge
to future resources and technologies.

2.3.2 Coal as a Sustainable U.S. Energy Supply Option

U.S. recoverable coal reserves are sufficient to sustain U.S. coal consumption for over two
hundred years at current consumption rates.24 Coal industry infrastructure is extensive and
encompasses coal mines, railroads, barges, blending, storage and loading facilities, equipment
manufacturing, and manpower in the industries that provide coal and serve the industry. This
infrastructure has been constructed over many decades, and many of the facilities that use coal
have long lives. For example, today’s coal-fired power plants will be, on average, about 45 years
old in 2010 if they continue operating. Figure 2-13 shows projected U.S. coal production over
the next two decades under both BAU and under the Current Policy Direction.

                                                          
24 International Energy Agency, World Energy Outlook. 1998 Edition. Page 148.
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Figure 2-13
U.S. Coal Production (Millions of Tons)

Under BAU most coal-fired power plants would remain competitive past 2020, providing a
market for coal suppliers to expand their production and maintain productivity. However, if
carbon reductions are required at the levels of the Current Policy Direction, U.S. coal production
could drop drastically. Even now, the uncertainty surrounding U.S. carbon policy sends very
mixed signals to the coal industry. On the one hand, low sulfur coal production should continue
to grow as the Phase 2 SO2 reductions of the 1990 Clean Air Act Amendments begin in 2000. To
meet increasing coal demand, coal producers would invest in new facilities. On the other hand,
carbon reductions under the Current Policy Direction would cause coal to become uncompetitive
in the face of a carbon tax (or other from of carbon restrictions). Over a relatively short five-year
period, beginning in 2005, coal production could drop from over 1100 million tons to below 600
million tons in 2010. By 2020 U.S. annual coal production would fall to less than 350 million
tons, essentially dismantling the U.S. coal industry.25 Under the Carbon Glide Path to 2030
scenario, coal consumption would decline less rapidly, remaining over 800 million tons in 2010
and at 500 million tons in 2015, but falling rapidly after 2015. Coal consumption would then
remain at low levels until the advent of carbon capture technologies possibly lead to resurgence
of the industry. With greatly reduced coal generation, there would almost certainly be
abandonment of large parts of the coal supply chain that has developed over decades. Critical
parts of this chain, such as technology, mining methods, and skilled labor, could be slow and
costly to resurrect at a later time when coal is needed.

Today, coal is an attractive fuel, because

•  It provides energy at a low cost per Btu

•  Coal prices are relatively stable and less volatile than natural gas prices

                                                          
25As described elsewhere in this report, India, China and other developing countries also have an abundance of coal,
which they are expected to burn as electrification proceeds in those countries.
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•  Coal mines are largely invulnerable to the vicissitudes of international politics and trade

•  U.S. coal resources are sufficient for more than two hundred years consumption

•  Power plants often have multiple delivery modes or carriers, and

•  Coal is relatively easily and economically stored.

Despite its advantages, the coal fuel cycle has many environmental issues associated with coal
mining, transportation, storage, combustion, and disposal. Many advances have been made in
resolving and mitigating these environmental problems, such as the controls on power plants that
reduce emissions of SO2, NOx and particulates. As yet, there is no ready replacement for this
reliable, competitively priced fuel, which is apparently sustainable under a wide range of future
developments.

2.3.3 Petroleum as a Sustainable U.S. Energy Supply Option

Ever since the rise of OPEC in 1973, the U.S. has been aware of its consumption of imported
petroleum. Nevertheless, over 25 years later, we consume and import more oil than we did then.
In 1997 net petroleum imports were about 49 percent of domestic consumption and are expected
by EIA to grow to 65 percent by 2020. In 1999, the cost of gasoline was about the same in real
dollars as it was over twenty five years ago, corrected for inflation. Figures 2-1 and 2-3 show
that oil is likely to fuel our transportation system for decades to come. Oil consumption will
grow to keep pace with population growth. Figures 2-2 and 2-7 show that oil has been largely
phased out as a primary fuel for electric power generation, supplying only 2.6 percent of U.S.
generation in 1997.

Because domestic oil production is declining and oil imports are growing, and because oil is
considerably more expensive than coal, it would be unlikely for petroleum to regain a substantial
role in electric generation in the next two decades. Figure 2-15 shows the projected decline in
domestic production and the concurrent increase in our oil imports under “Business-As-Usual.”
Because oil is a decreasing domestic resource, it should not be considered as a sustainable
resource for the U.S., even though we will be dependent on it for many decades to come.
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U.S. Oil Supply, Domestic Production Plus Imports

World supplies of conventional oil are likely to tighten during the next 50 years. Although some
believe that the supply situation could tighten as early as 2015 to 2020,26 DOE/EIA assessments
indicate that adequate oil supplies will be available well beyond the next 25 years, potentially
from nonconventional oil resources. According to EIA, “as technology brings the cost of
producing a nonconventional barrel of oil [such as oil suspended in tar sands or shale] closer to
that of a conventional barrel, it becomes reasonable to view oil as a viable energy source well
into the twenty-second century.”27 No constraints or limitations on world oil supplies have been
considered in the projections presented in this study. Nevertheless, oil’s important geopolitical
and national security implications must be considered as an added incentive toward efforts to
develop a sustainable energy system that does not increase our dependence on oil as an energy
source.

2.3.4 Nuclear, Hydroelectric, and Renewable-Fueled Power Plants as Sustainable
U.S. Energy Supply Options

Each of these types of technologies is capable of generating electric power using fuels that could
be available over long time periods. However, each has characteristics that limit the extent to
which these technologies can be deployed over the next several decades.

                                                          
26 Campbell, C.J., “Depletion Patterns Show Change Due for Production of Conventional Oil,” Oil and Gas Journal,
December 29, 1997, p 33-37.

27 Energy Information Administration, “International Energy Outlook 1998 With Projections Through 2020,” Report
DOE/EI2-0484(98), April 1998, p 38.
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In 1997 nuclear power plants provided about 20 percent of U.S. generation, but under BAU
nuclear power is projected to supply only 8 percent of U.S. generation by 2020. The amount
supplied from existing nuclear plants would remain at about 15 percent under the higher
electricity prices projected to accompany carbon reductions under the Current Policy. However,
if nuclear plant licenses are not renewed, nuclear power might supply less than 5 percent of
electric generation in 2020.

In order to increase the amount of electricity generated by nuclear fuel, a new generation of cost-
competitive nuclear power plants will be needed. As of today, nuclear power plants are the only
proven thermal power plants capable of producing large amounts of electricity with no carbon
emitted during the generation process. If they were built and operated, future nuclear power
plants could contribute to reducing global carbon emissions. While the assumptions made by
EIA for its use of the NEMS model, and carried over into this study, preclude projections of
added nuclear generating capacity prior to 2050, the possibility that nuclear power will play a
significant role in the U.S. energy system in the 21st Century should not be dismissed. If
technology advances (such as carbon capture and sequestration) that would facilitate continued
use of fossil fuels are slow to develop, or if advances in nuclear technology are made, nuclear
power could continue to be an important energy source for the U.S. in the future.

As of mid-1999, 220 hydro licenses with the Federal Energy Regulatory Commission (FERC)
are set to expire between 2000 and 2010. These licenses represent some 22,000 MW out of the
79,000 MW of installed hydroelectric capacity. The hydro facilities up for relicensing must
satisfy many requirements to retain their licenses and continue operating. Considerations include
land use, fish passage, ecological, dredging, disposal, and other operational and environmental
concerns. It is likely that some existing hydroelectric capacity will be lost during this process.
Since total undeveloped hydro capacity in the U.S. is estimated to be about 30 GW, a major
expansion of today’s hydroelectric capacity is not likely.

In 1996 and 1997 about 90 percent of the total U.S. generation from renewable resources was
from hydroelectric power plants. About 10 percent of renewable kWh were from power plants
fueled by geothermal steam, wind, solar, wood and other biomass, and municipal solid wastes.
Thus, renewable generation represented about 1.1 percent of total U.S. electric generation.
Ultimately, renewable generation technologies will be counted on to supply a much larger
proportion of overall generation, but not without major research, development and demonstration
projects to bring down costs. In addition, the locations of renewable generating resources
frequently require transmission additions or, in the case of biomass, may have competing
agricultural uses. The dispatchability and intermittence of some renewable technologies can also
limit their electric generation potential.

As the efficiencies of renewable technologies increase and their costs decrease, the U.S. will rely
more on them. However, the specific technologies and designs that will mature and emerge as
competitive winners are as yet unknown. Most will not come to fruition for years, and their
market penetration may take several decades to achieve substantial generation levels.
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2.4 A Sustainable Energy System Will Balance the Roles of Diverse
Technologies and Fuels

There would be a significant difference in the technologies that are built under Business As
Usual or under the Current Policy Direction and, likewise, under a Carbon Glide Path to 2030.28

(Figure 2-16 shows the projected electric generating capacity mix for the BAU and Current
Policy Direction cases.) For example, as technology advance occurs, the efficiencies of burning
both gas and coal are projected to improve. Integrated Gasification Combined Cycle (IGCC)
technology, which uses coal as the feedstock, eventually becomes a cost-effective means for
generating electricity. It is a technology that is selected under BAU prior to 2020 and throughout
the 2020s to a limited extent. However, under Current Policy and the Carbon Glide Path to 2030,
IGCC does not become cost-effective until carbon capture and sequestration become viable for
power plant applications. When that occurs, coal makes a strong resurgence as a fuel for electric
generation. Hence, even under Current Policy and a Carbon Glide Path to 2030, coal would once
again become an essential fuel, provided the coal infrastructure can be resurrected.29

                                                          
28 Between 2000 and 2020 this study’s projections rely on the technology assumptions made by EIA. After 2020, the
projections rely on EPRI and independent assessments of technology costs and performance that incorporate
foreseeable improvements in fossil and renewable technologies. The assumptions are presented in an Appendix and
their implications are discussed in the chapter: Technology Advance.

29 All the projections in this study assume that the essential energy infrastructure can be built and implemented
within the time period, as needed. As pointed out, the U.S. natural gas supply infrastructure would be stressed to
meet near-term carbon goals. The same is true here for coal. If the coal supply system and expertise is abandoned in
the next twenty years, it may not be possible to rebuild it in time, when it would be needed.
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The rush to build gas combined cycle power plants during the 2004-2015 period may also have
the unintended effect of slowing down the development and maturation of improved vintages of
future fossil and renewable technologies. For example, these projections show that gas combined
cycle technology built between 2004-2015 becomes less cost-effective as gas prices rise, and its
presence later slows the market penetration and consequent improvement of renewable
technologies.

Renewable technologies will not be truly sustainable in the marketplace until they are
competitive in cost. Under Business As Usual, which does not incorporate a Renewable Portfolio
Standard, it is less likely for biomass, geothermal and wind technologies to be widely deployed
because of their costs. Under the Current Policy Direction, a potential dilemma arises, where
emerging technologies that may be essential in the long run are not developed as rapidly or as
efficiently as they could be, because they are delayed by building 2004-2015 vintages of natural
gas combined cycle plants to meet near-term carbon goals. Aside from the relevant questions of
feasibility, a less hurried turnover of existing electric generation assets could also provide a more
rapid path for the penetration of advanced renewable technologies.

Energy and environmental policies can guide the evolution of the U.S. energy system toward
reliance on more sustainable energy resources. However, this process will take decades. Many
uncertainties surround the potential pace and timing for replacing the existing energy
infrastructure, and the economic stakes are high. A workable strategy would bring about these
changes in a manner that minimizes the combined environmental, economic, social and
technological risks. A prudent strategy will consider the following questions, among many
others:

•  Will adequate, low priced natural gas be available past 2030 to sustain carbon emission
reductions and to recover the investment in gas-fired generation technologies built to satisfy
near-term carbon reduction goals?

•  Is continued reliance on increasing quantities of imported petroleum a wise long run energy
strategy?

•  Will the technologies that are assumed to be available in this analysis actually be ready when
they are required? What strategies could minimize the risks, if particular technologies are
more costly than others or if particular technologies are unavailable.

•  How can both coal and natural gas be utilized most effectively to allow sufficient time to
develop and deploy renewable technologies without sacrificing emission reduction goals?

•  What technical advances and policies will allow renewable, natural gas, coal, and nuclear
technologies to become more environmentally acceptable, sustainable and competitive?

Currently, the U.S. is dependent on fossil fuels for 85 percent of its primary energy. Petroleum
supplies 40 percent, yet two-thirds of our petroleum will be imported by 2010. Domestic coal
resources are sufficient to supply U.S. needs for two centuries. However, the Current Policy
Direction would virtually eliminate coal as the backbone fuel in the U.S. Natural gas is a
relatively clean and competitive fossil fuel, although it does produce NOx and carbon emissions.
However, domestic resources of natural gas could be exhausted (or run up significantly in price)
within three to six decades, depending on the progress of technology and access to potential gas
resources that are now off-limits.
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Despite the best prognostications, the realization of technology advances for any one technology
or any one fuel is uncertain. The time required to successfully develop and deploy advanced
technologies, including renewables and end-use efficiency measures, is uncertain. Eliminating
coal as the backbone fuel for electric generation in the short run, before these technologies are in
place, would put the U.S. energy system at a greater risk. There would also be unknown costs for
resurrecting the coal supply system, if it is needed, and for locking in substantial quantities of
near-term technologies that do not provide a long-term environmental solution.

Even under optimistic projections, the transition to a truly sustainable energy system will take
decades to occur. As a result, improved fossil fuel technologies are projected to play an essential
role in providing reliable energy supplies while sustainable technologies are being developed and
commercialized.
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3  
PRODUCTIVE USE OF ENERGY ASSETS 

3.1 Overview 

Technology advance and environmental objectives require upgrade and replacement of energy 
assets such as power plants, motor vehicles and appliances. This can improve economic and 
environmental performance, including the efficiency of natural resource use. However, it 
remains important to use assets “productively,” by making best use of existing assets and 
investing wisely in new assets that can provide high long-term value and benefits. When 
environmental pressures accelerate change in energy systems and markets, there is a risk that 
both existing and new energy assets could be used less productively than is desirable or 
necessary. This chapter considers implications of Current Policy Direction (“CPD”) in the next 
decade and beyond. The focus is on productive use of existing fossil electricity generation plants, 
especially the coal-fired generating system, and also on the risk that a wave of new generating 
assets and their supporting infrastructure might be deployed too rapidly under too much 
uncertainty, so that they prove unproductive in the long run.  

Clarifying these risks helps us consider how to manage them without sacrificing environmental 
objectives. CPD is contrasted with “Business as Usual” (BAU), which assumes no CO2 cap, SO2 
cap cut or renewable generation portfolio standard. CPD is also contrasted with a “Carbon Glide 
Path to 2030” (Glide Path) in which a U.S. carbon cap is assumed to be phased in more slowly, 
from 2005 through 2030 instead of 2005 through 2008, reaching an annual carbon emissions 
level somewhat lower than under CPD, so that cumulative U.S. carbon emissions 2000-2050 are 
the same as under CPD.30 

Key topics and results addressed by this chapter include the following.  

• CPD could force massive, unprecedented turnover in the electric generating system in a short 
time, stressing its ability to maintain present levels of reliable electric service while reducing 
carbon and other emissions relative to BAU. The “Glide Path” would spread out (over time) 
and reduce this turnover while preserving all of CPD’s carbon reduction benefits and much 
of its SO2 and NOx reductions. 

• By 2010-2020 CPD would produce extensive retirements of coal-fired generating capacity 
that currently is the mainstay of our electric generation, particularly in some regions. “Glide 
Path” would moderately reduce ultimate retirements, but its main impact would be to spread 
out the retirements, thus buying time for technology advance and infrastructure additions. 

                                                           

30 “Glide Path” does not include assumed halving of the Acid Rain Program’s Phase Two SO2 cap in 2007.  
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• Under CPD, coal units projected to remain on-line or in standby status for system reliability 
while operating with minimal generation may be physically or economically unable to do this 
in the real world, in which case retirements and turnover would be higher than projected in 
the current NEMS model. 

• CO2 restrictions could reduce coal generation fast enough to avoid some of the NOx and SO2 
control retrofits projected under BAU. However, significant retrofits would still be required 
to meet the 2003 compliance date assumed for NOx. These retrofits would become largely 
“unproductive” or “stranded” a few years later, as tightening CO2 restrictions further reduced 
coal generation. If anything, the risk of such stranding is worse than shown, since it may 
already be too late to replace coal generation as rapidly as projected here, and some emission 
control retrofits have already been committed. “Glide Path” moderately reduces the projected 
risk of emission control stranding by prolonging lives of some coal units.  

• Greatly reduced coal generation could lead to great decline in the efficient coal supply 
system developed over time. The system might be slow and costly to resurrect if needed 
later, and such a need is projected under CPD. While not avoiding this dilemma, “Glide 
Path” buys time by slowing coal market decline and easing transition to any future in which 
coal remains a major U.S. energy source.  

• Some of the massive generating additions replacing retiring coal capacity under CPD could 
themselves become unproductive over the long run due to changing conditions such as 
technology advance, rising natural gas prices or lower carbon taxes. This is reflected in 
subsequent declining capacity factors projected for the gas-fired generating capacity added in 
a massive wave under CPD, an effect that is moderated but not fully avoided by “Glide 
Path.”  

Besides being important in itself, productive use of energy assets is closely related to other key 
issues being examined in this study.  

• Energy system bottlenecks that might arise in the natural gas delivery system as a result of 
massive additions of gas-fired capacity during a ten-year period can threaten the productive 
use of assets. However, solving bottlenecks does not guarantee productive use because 
changing conditions may still make the assets obsolete. 

• Unproductive use of energy assets can weaken the transition to sustainable energy resources 
and affect economic health, by unnecessarily raising energy prices and misallocating 
financial, human, and natural resources. 

• Energy assets that are not sustainable and that do not take advantage of technology advance 
and leadership are unlikely to be productive in the long run.  

3.2 Generating Capacity Turnover 

The rate of generating capacity turnover is an imperfect but useful indicator of how productively 
generating assets are being used. Turnover requires commitment of financial, human and natural 
resources in order to deploy new assets and their support systems, and even just to decommission 
existing assets. High turnover thus means more investment and potential for disruption to energy 
services. Rapid turnover may induce inefficiencies and reduce productivity in the short run. 
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However, this can (and should) be justified by a sufficient increase in future benefits, such as 
lower long-run costs, greater reliability, security or sustainability, or greater environmental 
benefits.  

Under BAU without carbon emission restrictions, generating capacity additions between 2000 
and 2020 are projected to be slightly below the rate of additions for the 20-year historical period 
1965-1985 (Figure 3-1). This reflects projected electric load growth falling below historical 
levels, since both historically and under BAU capacity additions serve mainly to accommodate 
load growth rather than to replace retiring capacity. In contrast, CPD is projected to increase 
capacity additions over 2000-2020 to about 160% of the BAU level, or about 570 GW versus 
about 350 GW (Figure 3-1). This is substantially above the historical rate of additions despite 
lower-than-historical load growth. The fastest additions projected under CPD fall within the first 
10 years. Under “Glide Path,” projected additions 2000-2020 are 10% lower than under CPD, 
and are less concentrated in the first 10 years.  
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Figure 3-1 
Generating Capacity Turnover 2000-2020 

In contrast to historical additions and projected additions under BAU, most of the additions 
under either CPD or “Glide Path” serve mainly to replace accelerated generating unit 
retirements, not to meet load growth. Under CPD, total projected retirements over the period 
2000 through 2020 amount to 328 GW, about 2 ½ times the amount retired under BAU. Most of 
these retirements under CPD are coal-fired units hurt by the carbon penalties, whereas under 
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BAU, the retirements are about 2/3 oil/gas steam and 1/3 nuclear.31 “Glide Path” reduces the 
projected retirements by about 10% (still mainly coal-fired), and also pushes them back in time 
(not shown in Figure 3-1). As noted, retirements under CPD or “Glide Path” would be dominated 
by coal and oil/gas steam generating capacity that presently accounts for most of the country’s 
electric generation. 

With such increased turnover, we incur greater up-front asset deployment costs to maintain the 
same level of energy benefits, including kWh and reliability. (Whether sustainability and security 
are adequately maintained is also questionable). The most obvious up-front costs are the costs of 
the generating units themselves. Projected overnight capital costs for generating additions 2000 
through 2020 rise from $141 billion (1997$) under BAU to $241 billion under CPD, or $230 
billion under “Glide Path.” (Figure 3-2). “Glide Path” adds substantially less low capital cost gas 
technology than CPD, but slightly more high capital cost renewables with lower fuel and carbon 
tax costs. Projections for the subsequent decade 2021-2030 are striking. Both CPD and “Glide 
Path” are then projected to incur over four times the capital costs for generating capacity 
additions as BAU, due to emphasis on high capital cost advanced generating technology. These 
advanced technologies are needed to meet carbon caps despite growing energy demand, and 
represent a shift away from projected earlier emphasis on gas-fired technology, as natural gas 
prices rise and generating technology continues to advance.  
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Figure 3-2 
Generating Additions and Their Capital Costs 2000-2030 

                                                           

31 If coal-fired units projected to remain mainly for reliability with very little annual generation were to instead 
retire, retirements under CPD would be about 60 GW higher (Figure 3-1, also discussed later), requiring higher 
generating additions as well (not shown). 
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The much higher generating asset costs under the Current Policy Direction as opposed to BAU 
must be justified by increased productivity (benefits) in some area other than kWh or reliability, 
which are being kept essentially constant (Figure 3-3).32 The increased productivity that is being 
purchased is, of course, environmental benefits in the form of lower emissions of SO2, NOx and 
especially carbon (CO2) from generation of electricity (Figure 3-3). Emissions of trace elements 
such as mercury would also be reduced.  
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Figure 3-3 
Benefits of Generating Unit Turnover: kWh and Emission Reductions 

Decreased emissions represent the increased benefits that should justify the increased generating 
asset turnover costs, in order for the turnover to be productive. Costs and benefits in Figures 3-2 
and 3-3 are not discounted, although much of the cost for increased generating asset turnover is 
incurred early, whereas most emission reductions occur later. One possible benefit of both CPD 
and “Glide Path” not shown in Figure 3-2 is accelerated development and deployment of 
renewable energy technologies and systems, which might be desirable for technology leadership 
and for energy sustainability and national security, as discussed in other chapters. However, an 
important disbenefit of CPD is not shown. This is accelerated depletion of valuable and finite 
domestic natural gas reserves, with its own implications for energy sustainability and even 
national security. By delaying and moderating the projected shift to natural gas for electric 
generation, “Glide Path” reduces this disbenefit. 

                                                           

32 Actually, generation projected under CPD or “Glide Path” drops slightly below BAU levels as higher electricity 
prices depress projected demand, but then towards 2030 rises slightly above the BAU level as the generating 
sector’s cumulative projected investment in low-carbon technology makes electricity attractive relative to other end-
use energy options. 
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3.3 Coal Retirements 

Coal-fired units provided 56% of U.S. utility generation in 1998,33 and under BAU are still 
projected to account for 52% in 2020. Along with its supporting coal supply infrastructure this 
population of coal-fired units has been developed over many years. About half of coal-fired 
capacity (in MW) came on line from 1965 through 1980, and the remaining capacity is about 
equally divided between pre-1965 and post-1980 units. Newer units are more efficient and tend 
to account for more generation in proportion to their capacity. Considerable investment has gone 
into upgrading coal units over time, including upgrading environmental controls. Besides being 
low-cost relative to most other generation, coal-fired generation provides balance to the fuel mix 
in our overall energy system, since on a Btu basis U.S. energy consumption relies over 60% on 
oil and gas, such as for transportation and home heating. Coal also provides secure and reliable 
energy with little price volatility, since our coal supply is overwhelmingly domestic, relatively 
decentralized, utilizes many delivery modes and carriers, and is readily stored.  

However, under CPD the main carbon reduction burden is projected to fall on the electric 
generation sector, reflecting its assumed ability to invest in less carbon-intensive technologies 
and fuels. Principally, this means replacing coal-fired generation. By 2020 the overall projected 
U.S. carbon reduction under the CPD relative to BAU is 507 million metric tons per year, 
whereas projected carbon emissions from coal generation alone drop 532 million metric tons per 
year. In other words, carbon emission from all other sources are actually higher under CPD (due 
to higher carbon emissions from gas-fired generation). Under “Glide Path,” the role of coal 
generation in achieving nationwide carbon emission reductions by 2020 is similar, although it 
phases in more slowly in the preceding decade. There is very little projected retirement of coal 
units by 2020 under BAU, but under CPD 54% of the GW of existing coal-fired capacity is 
projected to retire by 2015, increasing to 60% by 2020 (Figure 3-4). While “Glide Path” 
produces only slightly less projected retirement by 2020, 55%, projected retirements is more 
gradual between 2010 and 2020, with 41% of existing coal capacity retired by 2015. 

                                                           

33 Electric Power Monthly, March 1999 with Data for December 1998, DOE/EI2-0226(99/03), Table 2. 
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Figure 3-4 
Trend of Projected Coal Retirements Nationwide 2000-2020 

These coal retirement projections under CPD are based on maintaining many coal-fired units 
only for reliability purposes with little or no generation. However, some of these units may be 
physically or economically incapable of such a role because this is physically difficult (requiring 
frequent cycling and startups, higher maintenance) and is also financially difficult due to limited 
hours of revenues in which to recover relatively high fixed costs. If these units were retired, even 
higher additions of dispatchable gas-fired capacity would be required. Very few coal units now 
run at capacity factors less than 20% (Figure 3-5, “historical”), If existing coal-fired units 
projected under CPD to remain essentially on standby for reliability are unable or unwilling to do 
so in practice, then retirements by 2020 would rise to 65% of existing capacity (Figure 3-5). This 
figure rises to almost 80% of existing capacity if all units projected to run at less than 20% also 
retire. “Glide Path” reduces each of these retirement percentages by just under 10%, but also has 
the effect of spreading out such retirements, delaying more of them until after 2015. 
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Figure 3-5 
Projected Utilization and Retirement of the Existing Coal Unit Population Nationwide 

Among different regions we see considerable variation regarding electric loads, mixes of 
generating technologies and fuels, and even characteristics of the coal-fired generating unit 
population. There is also considerable variation regarding options for replacing coal-fired 
generation, due to locations of natural gas sources and pipelines, and regional availability of 
renewable resources. For these reasons, the impacts of CPD and “Glide Path” on coal unit 
utilization and retirements are expected to differ among regions. For example, a closer inspection 
shows that for ECAR the underutilization and retirement impacts of CPD are even more dramatic 
than they are nationwide, and “Glide Path” is projected to have a substantial impact in reducing 
these impacts in ECAR (Figure 3-6). For SERC, the projected impacts are no more severe than 
they are nationwide, and the positive impact of “Glide Path” is less than in ECAR (Figure 3-7).  
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Figure 3-6 
Projected Utilization and Retirement of the Existing Coal Unit Population – ECAR 

CPD would either force many coal plants to operate at low capacity factors that are physically 
and financially challenging, or would force faster retirements than identified in Figures 3-4 and 
3-5 nationwide, and in Figures 3-6 and 3-7 for ECAR and SERC. Both low utilization and high 
retirements pose the risk of unproductive use of a considerable amount of U.S. coal-fired 
generating capacity. Whether replacement generation could be installed as rapidly as required in 
all regions is questionable. However, if more coal plants could remain productive and financially 
viable during a more gradual transition, then financial, economic, and electricity supply risks 
might be reduced. “Glide Path” provides a modest but discernable move in this direction.  
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Figure 3-7 
Projected Utilization and Retirement of the Existing Coal Unit Population – SERC 

3.4 Risk of Stranded Investment in Existing Plants: Emission Controls 

Under CPD with its carbon and other emission restrictions in the coming decade, fossil plant 
owners face the dilemmas of whether and when these units should retire, be mothballed, attempt 
to survive on lower utilization or continue to compete for historic baseload roles. This requires 
evaluating market, technological and regulatory uncertainties. Planning to maintain baseload or 
near baseload operation makes it especially important to evaluate prospective emission controls 
and emission permit costs. This can be difficult when tighter NOx and SO2 requirements, 
deregulation (being fully at-risk in the market) and substantial CO2 restrictions all might occur in 
close but uncertain sequence in the coming decade. Unfavorable emission penalties or electricity 
prices might not only make an existing plant uneconomic, they could also make additional 
investments in that plant unproductive. That is, these investments could become “stranded” by 
future regulations and/or market developments. This applies to life extension and plant 
enhancement investments in general, but this study has focused on NOx and SO2 emission 
control retrofits. 
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Under BAU, substantial combustion and post-combustion (SCR and SNCR) NOx controls and 
also post-combustion SO2 controls (FGD) are projected to be retrofitted to comply with 
established SO2 and assumed NOx emission caps (Figure 3-8).34 A total of 188 GW of fossil 
steam capacity is projected to be retrofitted with post-combustion and/or combustion 
modification controls for NOx and/or SO2 cap compliance over the period 2000-2012,35 mostly 
consisting of SCR retrofits. About 94% of this retrofitted capacity (and over 99% of the 176 GW 
that is coal-fired) is projected to still be operating at capacity factors 25% or more when 
approaching year 2020 (Figure 3-8). In fact, a major reason for choosing to retrofit capital-
intensive controls such as SCR or FGD is to permit profitable baseload operation by reducing 
vulnerability to high emission penalties in the future. The total overnight capital cost of these 
emission control retrofits for the post-2000 SO2 and NOx cap compliance requirements is 
projected to be $11.6 billion (1997 dollars) through 2012 and another $2.3 billion subsequently. 
These figures exclude costs for NOx compliance and Phase One SO2 compliance under Title IV 
of the 1990 Clean Air Act Amendments. These retrofits generally represent investments made in 
order to continue running in a baseload mode.  

Under CPD, CO2 pressures are projected to reduce coal generation and therefore the amount of 
emission control retrofits needed to meet NOx and SO2 caps.36 The amount of fossil generating 
capacity (all but 5-10 GW of it coal-fired) projected to retrofit SO2 and NOx controls for cap 
compliance drops from 188 GW under BAU to 137 GW under the CPD. Needing much less 
emission reduction and facing lower utilization than under BAU, fossil units are projected to 
retrofit very little SCR beyond year 2000, and no FGD, both of which have high capital costs 
(Figure 3-8). Thus, projected capital costs for emission control retrofits for cap compliance drops 
from about $11.6 billion under BAU over 2000-2012 (and $2.3 billion after 2012) to $3.0 billion 
under CPD. In particular, the combination of banked Phase One SO2 allowances, low-sulfur coal 
and rapid decline in coal generation is projected to eliminate the need for post-2000 FGD 
retrofits, even though CPD includes halving of the Phase Two SO2 cap in 2007. This drop in coal 
generation would have to be initiated very soon, and the projected avoidance of future emission 
control retrofits is clearly at odds with present plans for some coal units. 

                                                           

34 Substantial coal plant retrofits of combustion NOx controls to meet requirements under Title IV of the 1990 Clean 
Air Act Amendments are also projected. While aiding compliance with the 22-state summer NOx cap included in 
this study’s BAU, CPD and “Glide Path” scenarios, these controls are not included in either the discussion or the 
figures. 

35 Another 27 GW of FGD and NOx control retrofits are projected for 2013 and later. 

36 While carbon capture is included in this study as an option for longer term generating unit additions, it is not 
included as a viable retrofit option at existing plants.  
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Figure 3-8 
Amount and Fate of Emission Control Retrofits for SO2 and NOx Cap Compliance (All but 6-
10 GW Is at Coal-Fired Units) 

Under CPD, less fossil capacity is projected to retrofit controls for cap compliance, but much 
more retrofitted capacity is projected to retire or run at low capacity factors by year 2020 
(usually earlier). Thus, 117 GW (85%) of the capacity projected to retrofit controls for cap 
compliance is projected to be retired or running at less than 25% capacity factors as year 2020 
nears (Figure 3-8). About 95% of this capacity is coal-fired. Not only could it be considered 
unproductive to invest in emission controls for units that will be retired or little utilized in just 
10-15 years (“stranded investment”), but even retrofits at units projected to run at higher levels 
could be considered inefficient, since projected decline in coal generation under CO2 pressures 
would make most of these controls unnecessary for cap compliance after a relatively short time. 

The “Glide Path” requires slightly more emission control retrofits for cap compliance than does 
CPD, due to slower decline in coal generation (Figure 3-8). Projected GW of retrofits and their 
associated capital costs are both about 12% above the CPD level, although still much below the 
BAU level. However, the more gradual decline in coal generation under the “Glide Path” means 
that more of the retrofits can be used productively. Thus, 25% of the fossil capacity (95% coal-
fired) retrofitting controls for cap compliance is projected to run at capacity factors above 25% 
approaching year 2020 under the Glide Path, versus 15% under CPD. A slower glide path or 
stable carbon caps for a period of time would make even fuller use of the controls. More gradual 
phasing in of the NOx cap might reduce the amount of stranded controls in the first place, since 
the early assumed onset of the NOx cap in 2003 is the major reason for projected building of 
controls that would subsequently be stranded.  
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This analysis assumes there is considerable foresight regarding future carbon penalties. 
Anticipation of lower penalties would lead to more projected SO2 and NOx control retrofits, 
reflecting anticipated baseloading of more coal-fired plants. If higher carbon penalties ultimately 
materialized, there would then be more stranded controls. (Consider that 108 GW of SCR 
retrofits over 2000-2012 were projected under BAU, versus only 23 GW under CPD, shown in 
Figure 3-8.) Underestimating future carbon penalties could have a similar effect on stranding of 
FGD retrofits especially if there is a cut in the Acid Rain Program’s Phase Two SO2 cap, as 
under CPD. On the other hand, expectation of very high carbon penalties or great aversion to risk 
of stranding emission controls might lead even faster coal retirements (of standby and low 
capacity factor units depicted in Figure 3-5) and/or fewer emission control retrofits. This would 
potentially strand less NOx control investment, but raises the question of where replacement 
generation would come from.  

Overall, there could be a precarious balance between three risky possibilities: 

• Massive early retirements of coal-fired units, requiring fast and possibly unproductive 
replacement of capacity and generation, 

• Stranded (unproductive) emission control investments made in an attempt to preserve 
baseload operation, or 

• Operating coal plants in physically and financially challenging peaking and cycling modes, 
which may not be feasible.  

These risks translate into difficult business decisions and to a high risk of using existing coal 
plant assets less productively than is necessary. An appropriate carbon “Glide Path” or other 
gradual, systematic carbon policies could provide a clear signal of future rising CO2 penalties, 
while still limiting the risk that investment decisions could be caught off guard by high carbon 
taxes or penalties in the not too distant future.  

3.5 Abandoning the Coal Supply Chain? 

Contributing to the role of coal-fired units as the mainstay of the nation’s electric generation has 
been the increasing efficiency of the supply chain that mines, prepares and delivers coal. Besides 
low costs per Btu of energy, coal fuel is attractive because the sources and supply lines are 
largely invulnerable to the vicissitudes of international politics and trade, power plants often 
have multiple delivery modes or carriers, and coal is more easily and economically stored than 
most fuels. Investment, technological advance and increasing market sophistication have helped 
develop the current coal supply system that provided a diversity of fuel options contributing to 
ease of compliance with Phase One of the Acid Rain Program. Average delivered coal prices to 
electric utilities dropped from $32.32 per ton in 198137 to about $25.70 in early 199838 in current 
year dollars (even faster in constant dollars). Mine productivity improvement has averaged 6.2% 
per year since 1977, with minemouth coal prices declining $4.97 per ton in 1997 dollars between 
                                                           

37 Coal Data, A Reference, DOE/EI2-0064(93), February 1995, Table 37  

38 Quarterly Coal Report, July-September 1998, DOE-EI2-0121(98/3Q), February 1999, Table 21.  
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1970 and 1997 and benefiting from technology improvements, economies of scale, and 
improving mine design.39 Coal transportation prices have also declined over the last decade.  

Under BAU, U.S. coal consumption, primarily for electric generation, is projected to continue to 
grow moderately both to 2020 and then beyond that to 2050, limited mainly by competition from 
natural gas-based generation (Figure 3-9). Most of this growth is projected to come from western 
coals, especially from the Powder River Basin in Wyoming and Montana. This reflects 
investment and technology, economies of scale, projected decline in transportation rates 
affecting distant consumers of western coals, and the attractiveness of low sulfur coal for 
meeting SO2 restrictions. BAU coal price projections through 2020 reflect AEO99 assumptions 
regarding continued investment, technology advance and productivity increases in coal mining 
and transportation. Projected mine productivity increases 2.3% per year through 2020, 
minemouth prices decline 1.5% per year, and transportation costs drop 1.1% per year (all in 
constant dollars).40 As a result, the projected average cost of delivered coal for electric generators 
drops from $1.27 per mmBtu in 1977 to $0.94 in 2020 (in 1997 dollars).  

The BAU picture would change entirely under CPD (Figure 3-9). Coal combustion is a major 
source of carbon emissions, and electric generation, which consumes about 90% of U.S. coal 
production, is the biggest target under carbon restrictions. Rising from about 22 quads (or 1150 
million tons) in 2000 to about 26 and 31 quads in 2020 and 2050 under BAU, projected U.S. coal 
consumption instead drops to about 5 quads in 2020 under CPD, but then rebounds to 27 quads 
by 2050, almost 90% of the BAU level. This rebound reflects resurgence in coal use for electric 
generation due to technology advances (including carbon capture) combined with rising natural 
gas prices. The western coals projected to see the greatest growth under BAU are projected to be 
hardest hit by the sharp decline under CO2 reduction pressures, as their low sulfur levels become 
less valuable for meeting the SO2 cap due to greatly reduced coal generation, the greater 
importance of transportation costs as minemouth prices drop, and the projected abundance of 
renewable wind and/or biomass generation resources in regions making up much of the market 
for Powder River Basin coal (SPP, MAPP, ERCOT, MAIN, NWPP). 

                                                           

39 Annual Energy Outlook 1999, EIA/DOE-0383(99), page 79.  

40 Annual Energy Outlook 1999, pages 80 and 81. 
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Figure 3-9 
Projected U.S. Coal Consumption, Quadrillion Btu (Quads) per Year 

The Current Policy Direction would lead to substantial abandonment of the coal supply chain, 
especially mines. A dramatic decline in coal markets would cause disruptions in regional 
economies and employment. Coal mining employment has declined from 400,000 to 800,000 in 
the first half of this century to about 100,000 by the early 1990’s,41 However, the vast majority of 
miners are employed in nine states that would be especially affected by rapid decline in coal 
demand: Kentucky, West Virginia, Pennsylvania, Virginia, Illinois, Alabama, Ohio, Indiana and 
Wyoming. Transportation of coal is the major source of revenue for railroads, generating about 
21 cents of every dollar of freight revenue in 1993,42 and this would drastically change under 
CPD. 

A drastic decline in coal demand would discourage investments to improve mining productivity 
and the overall coal supply infrastructure. Such improvements have lead to past coal price 
declines and are factored into projections of low future coal prices, prices which are not 
guaranteed to occur. The coal supply chain with its own technologies and skilled workforce has 
developed over a long period and is more decentralized and labor intensive than the natural gas 
and petroleum supply systems. A drastic decline in coal markets could make it costly and 
disruptive to subsequently resurrect the coal supply after a lapse of a decade or so. Such a 
resurgence is in fact projected under CPD (Figure 3-9), driven especially by projected advances 
in generating technology combined with natural gas prices rising faster than coal prices. How the 
                                                           

41 Coal Data, A Reference, op cit…page 21 

42 Coal Data, A Reference, op cit 



 
 
Productive Use of Energy Assets 

3-16 

necessary coal supply infrastructure would be resurrected after being virtually dismantled is not 
evident, but certainly eliminating coal only to resurrect it later is an unproductive use of assets. 43 

The “Glide Path” only slightly reduces the projected sharpness of coal’s decline and subsequent 
resurgence (Figure 3-9). However, it has another more subtle but important impact. It delays and 
slows the decline. This has the dual effect of reducing the severity of likely disruptions caused by 
the decline (it’s spread out more in time) and buying time to determine if it is likely that the coal 
supply system will in fact need to be vigorously resurrected in the not too distant future. If so, 
steps might then be taken to moderate the decline, reducing the coal market trough depicted in 
Figure 3-9.  

3.6 Massive Additions of New Generating Assets Under the Current Policy 
Direction: How Productive? 

How do we meet growing demand for electricity even as the generating sector may bear the 
brunt of emission restrictions and be forced to turn away from coal? This would require massive, 
rapid additions of new generating capacity to provide both kilowatt- hours and reliable capacity 
to meet peak loads, as illustrated in Figure 3-1. In the near term, such additions are projected to 
be dominated by gas-fired combustion turbines (simple and combined cycle) and to a lesser 
extent by two key renewable technologies, wind turbines and biomass-fired generation.44 These 
additions would be unprecedented in the overall rate of capacity turnover and also in the major 
role of non-hydro renewable technology starting from a very small installed commercial base 
today.  

On a nationwide basis, additions of simple and combined cycle gas-fired turbine capacity from 
2000 through 2020 are projected to be high even under BAU, just under 300 GW (Figure 3-1). 
The total projected overnight capital cost for these gas turbine additions over years 2000 through 
2020 is $98 billion (1997 dollars), which excludes financing (cost of money) costs and 
infrastructure costs such as for greatly expanded natural gas delivery. Under CPD gas-fired 
additions increase substantially, to just under 500 GW and about $160 billion of overnight 
capital costs. The “Glide Path” reduces this to about 425 GW and an overnight cost of $145 
billion, a significant savings. All of these costs for generating unit additions assume no gas 
turbine hardware or fuel supply bottlenecks or cost run-ups, despite the massive rate of additions 
projected, especially under CPD.  

What make gas turbine additions attractive are their low capital costs, high availability and 
dispatchability, projected moderate natural gas prices through 2020, and substantially lower 
carbon emissions than coal-fired generation. If able to overcome potential bottlenecks in natural 
gas deliverability and turbine hardware, this massive wave of gas turbine additions could be a 

                                                           

43 It is possible that carbon capture technology could become viable earlier than 2020, which would limit the decline 
in coal use. The implications of faster or slower technology advance are substantial, but results reported here reflect 
“base” assumptions regarding technology advance.  

44 New biomass generation is assumed to use advanced integrated gasification combined cycle technology. 
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“productive” way to reduce carbon emissions from electric generation. However, the very 
magnitude and rapidity of this reliance on gas could make the newly deployed gas-fired 
technology vulnerable to becoming unproductive or stranded too soon.  

First, continued technology advances, in gas-based technology itself, in coal or other generating 
technology, or in carbon capture, could render obsolete large amounts of new gas-fired capacity 
added especially before 2010. The impact would be greater than if gas additions had been more 
gradual and better able to take into account ongoing technology advance. In addition, a 
substantial rise in natural gas prices could contribute to gas-fired generating assets becoming 
unproductive. Natural gas is a finite resource in North America, much more so than coal or 
renewables. As discussed in the chapter on energy sustainability and in Appendix A, rising gas 
prices and inefficient or hasty use of this valuable but limited resource become very real 
concerns under CPD.  

Even under BAU, there is indication of declining productivity of gas-fired capacity additions 
over time (Figure 3-10). In the aggregate, post-2000 gas-fired capacity, added mainly before 
2020, is projected to run an annual capacity factor of around 50% until sometime beyond 2020. 
Then, due to projected generating technology advances and delivered gas prices rising faster than 
delivered coal prices, the average capacity factor declines slowly to 40% by 2035 and flattening 
out at around 30% during the decade 2040-2050. A unit with the average installation date of 
about 2010 would be almost 25 years old by the time the projected drop-off in overall gas 
capacity factors begins (Figure 3-10). Given the relatively low capital cost of gas-fired 
technology, these gas-fired additions under BAU might be viewed as productively used over 
their economic lives, at least in the aggregate.  

0.10

0.30

0.50

0.70

0.90

* Gas capacity retired 2000-2050: BAU 44 GW, CPD 57 GW, Glide Path 52 GW

 2000                                                                                                  2050

Current Policy Direction (CPD)
479, 576 GW gas additions through 2020, 2050*

BAU   293, 422 GW gas 
additions through 2020, 2050*

2030 Carbon Glide Path
426, 542 GW gas additions through 2020, 2050*

Average utilization (capacity factor) of gas-fired additions

 
Figure 3-10 
Average Utilization of Gas-Fired Generating Capacity Added After 2000 
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However, under CPD, projected gas-fired additions are about 60% or almost 200 GW higher and 
are even more concentrated before 2020, and even before 2010. These additions are projected to 
achieve an average capacity factor in the 70% range until almost 2020, due to carbon taxes 
pushing them ahead of coal in the loading order, and due to coal retirements. Subsequently, 
however, projected utilization of these additions begins a long, steep decline. Initially, this 
decline reflects saturating the system with gas-fired units, with most coal generation now having 
been displaced and with newer gas units competing against older (but still quite new) ones. 
Beyond 2025 or so, however, the decline in projected utilization is driven by projected additions 
of advanced coal-fired units with carbon capture, and to some extent by biomass additions as 
well. It is also driven by gas prices rising faster than coal and biomass prices. Projected gas 
retirements are very little higher under CPD than under BAU (Figure 3-10). But, the average 
projected capacity factor for gas additions falls below the BAU level before 2030, then drops 
below 20% shortly after 2040, and to 13% by 2050. Projections of high coal unit retirements and 
underutilization, and subsequent steep decline in utilization of newly added gas-fired units, are 
indicators of potential inefficiency and even practical (business) infeasibilty resulting from 
energy strategy driven by short-term environmental timetables rather than longer term goals.  

The Glide Path not only reduces projected gas-fired additions through 2020 by 11%, it also 
moderates the projected decline in their utilization over subsequent years (Figure 3-10). Their 
average projected capacity factor does not drop below the projected BAU level until after 2030, 
and falls to 29% by 2050, versus 13% under CPD. This slower decline in utilization of gas-fired 
additions under the Glide Path as opposed to CPD is due to fewer pre-2020 (and pre-2010) 
additions having to compete for diminishing opportunities to run. It is due to lower cumulative 
natural gas consumption under the Glide Path scenario resulting in projected gas prices rising 
more slowly.  

While CPD relies heavily on gas-fired generating additions, it also adds about 75 GW of 
renewable generating capacity by 2020, mostly biomass and wind. This contrasts very sharply 
with today’s very limited commercial deployment of all non-hydro renewable generating 
capacity in the U.S., not much over 10 GW. The question of whether such rapid, unprecedented 
additions will prove productive in an uncertain future applies to these renewable additions just as 
well as it applies to the gas additions discussed above. Such rapid additions of these 
commercially nascent technologies could be rendered uncompetitive (unproductive) by further 
advances in various technologies for fossil and renewable generation, or for carbon capture and 
sequestration. As long as deployment of these renewable technologies is gradual over time, such 
risks are a normal part of doing business. However when projected renewable generation 
deployment is massive (perhaps infrastructure-straining) over a short time45 and starts from low 
levels of technological and especially commercial maturity, the risk of this deployment being 
unproductive over the long term may be high.  

Under BAU, projected capital investment in wind and biomass generating additions over the 
period 2000-2020 is less than $5 billion (1997 dollars), but this increases many-fold to $80 
billion under CPD. The “up-front” cost of renewable generating asset additions under CPD 
extends beyond the generating units themselves. First, there is the commitment of capital, land, 
                                                           

45 Although clearly less massive than projected gas technology deployment 
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and human resources for developing extensive and unprecedented systems to grow, process, 
store and transport biomass as generation fuel. Under CPD, projected biomass-based generation 
is about 245 billion kWh by 2020, which would require roughly 200 million tons46 of biomass 
per year be produced, collected, delivered and stored for electric generation, originating from 
dispersed sources. We have little experience with this kind of activity. For comparison, current 
total U.S. coal production is about 1100 million tons per year, utilizing infrastructure developed 
over many years.  

Consider simply the land use commitment for biomass production. Assuming that an acre of 
energy crop land will produce an average of six dry tons of biomass per acre per year,47 biomass 
consumption for electric generation projected by 2020 under CPD could require commitment of 
between 20 and 25 million acres to energy crop production, an area about 2/3 the size of Indiana. 
In fact, over half of the biomass supply for the 2020 level of biomass-based generation under 
CPD is projected to come from “opportunity fuel” including forest, mill and crop residues and 
urban wood waste, rather than from new energy crops. Assuming that this supply of opportunity 
fuel biomass will in fact be available, the required amount of dedicated energy crop production is 
reduced, although there will still be costs and commitments associated with developing systems 
to gather, store and transport the opportunity fuel biomass. Whether using opportunity fuel, 
dedicated energy crops, or both, the large amount of biomass-based generating additions 
projected under CPD would have to be sited at many dispersed locations strongly dictated by 
their fuel sources. (Biomass fuel is much more difficult to transport and store than fossil fuels.) 
Finally, continued projected expansion of biomass generation beyond 2020, almost another 
3-fold by 2050 under CPD, would obviously expand these siting and land use requirements. 
Most of the incremental growth in fuel supply would come from dedicated energy crops48 rather 
than additional “opportunity” biomass, whose supply is limited.  

Expansion of wind turbine generating capacity would also require major up-front land use 
commitments and costs. Whereas wind turbine capacity is perhaps around 3 GW today, under 
CPD it is projected to reach 39 GW by 2020 and 61 GW by 2050. The estimated land 
requirement for these wind farms exceeds 5,000 sq. km. by 2020, an area larger than Rhode 
Island, growing to nearly 10,000 sq. km. by 2050. Some of the wind farms would be in remote or 
otherwise difficult areas, and would encounter land use issues, especially as the total acreage 
grew. Both wind and biomass facilities would be sited where the renewable resource was 
available, often requiring development or upgrading of electric transmission, to integrate these 
plants into the grid and serve electric loads located mainly in urban areas.  

The Glide Path does not decrease projected renewable generating capacity additions relative to 
CPD. However, it buys time both to determine if the substantial required up-front costs and 

                                                           

46 Assuming, for example, an average future biomass IGCC plant heat rate of 8000 Btu/kWh, with an average dry 
biomass heat content of 8,000 Btu/lb, but delivered with 1/3 moisture content by weight. 

47 and assuming 8,000 Btu per dry ton of biomass produced 

48 Higher future crop yields would lower the land requirement somewhat.  
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commitments of natural and human resources are justified, and if they are, to proceed at a 
reasonable rate.  

In considering unprecedented deployment of energy assets required to meet prospective carbon 
caps, whether the assets are gas turbines, renewable generating capacity, or something else, the 
considerable up-front costs, commitments and disruptions must be justified. This means that the 
deployed assets must have a good likelihood of being productive over the long term. It should be 
possible for the asset deployment process to be deliberate enough to take advantage of 
technology advances and ongoing lessons as we move into new territory, hopefully providing 
dependable market signals in advance. The Glide Path represents a modest step in this direction, 
but as presented here still faces many of the same difficulties as Current Policy Direction. 
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4 
ENERGY TECHNOLOGY ADVANCES

4.1 Overview

Energy technology advances require developing, deploying and gaining commercial experience
with key technologies. This enhances the efficiency, security and sustainability of our energy
system, benefiting the overall economy. It also provides the basis for exporting goods and
services to the world and for fostering global energy and environmental progress. In particular,
advanced energy technology can provide our best means for reconciling growing energy use with
tightening environmental restrictions such as carbon emission limits.

The Current Policy Direction or “CPD” examined in this study necessarily depends heavily on
the advance and deployment of technology to achieve its ambitious environmental objectives
without undue economic harm or societal disruption. Since the electric generating sector would
play the major role in achieving emission reductions under CPD, technology leadership in
electric generation and its supporting infrastructure such as fuel supply are critical. This chapter
examines the role of generating technology advance under CPD, and considers how CPD itself
may have the potential to misuse or even inhibit opportunities to make and deploy generating
technology advances, so that alternative policy designs might perform better in this regard. One
example of an alternative, a “Carbon Glide Path to 2030” or “Glide Path” is considered, under
which carbon restrictions are implemented more gradually than under CPD. Under the Glide
Path U.S. carbon emissions would be steadily reduced down to a target plateau in year 2030.
This ultimate target would be slightly lower than under CPD so that cumulative carbon emissions
for the period 2000-2050 would be the same as under CPD. The focus in this chapter and in this
study is on key fossil and renewable generating technologies, but not on nuclear generation or
energy storage technologies.49

Key topics and results addressed by this chapter include the following:

                                                          
49 In this study the assumptions about technology development embodied in EIA’s NEMS model have generally
been followed through the year 2020. For analysis of the period from 2020 to 2050, a combination of projections of
EIA assumptions and assumptions based on both EPRI’s expertise and on the literature pertaining to energy
technology development have been employed. Given EIA’s assumptions about the cost and performance of nuclear
power generation technology, as well as that of other technologies with which nuclear power would have to
compete, results of this study show that new nuclear power plants would not be able to compete cost-effectively
with other electricity generation technologies before the 2050 end date for the study period. However, this should
not be construed as an EPRI endorsement of EIA’s assumptions about nuclear technologies or a prediction by EPRI
that there will be no future role for nuclear power in the U.S. energy system. The possibility that advances in nuclear
technology will enable it to play an important role in the U.S. energy system in the future may be considered in
greater depth in a subsequent phase of this study.
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•  Factors determining the attractiveness of different generating technologies are likely to
change substantially. It would be prudent to actively seek to advance a variety of
technologies with offsetting strengths and vulnerabilities. There are reasons to believe that
advanced coal-based technology could be very attractive one to two decades from now
without severe carbon restrictions, or somewhat later even if such restrictions are imposed,
given uncertain but credible developments in carbon capture technology.

•  Besides risking energy infrastructure bottlenecks, unproductive use (stranding) of energy
assets, and reduced energy security and sustainability, early and stringent carbon restrictions
under CPD could hinder development and deployment of technologies needed for long-term
sustainable solutions. This could occur if short-term solutions divert attention from
technology with longer term payoffs, or inhibit market opportunities for development of such
longer-term technology, as massive investment in short-term solutions and their
infrastructure becomes “sunk.”

•  Before being ready to play major roles in our energy system, advanced generating (and other)
technologies require lead times for R&D and infrastructure development, plus practical
commercial operating experience and the practical knowledge this brings. Early, stringent
carbon restrictions could limit commercial opportunities needed to help prepare advanced
coal and renewables generation for potentially important future roles as these technologies
improve and natural gas prices rise due to drawdown of North American gas reserves. In
addition, such early restrictions might not give key renewable technologies sufficient lead
time to achieve even those roles projected for them by 2020 under CPD, given today’s
immature status of the technologies and their infrastructure, and their limited current market
potential when compared to natural gas and coal-based technologies.

•  As noted in other chapters, the “Glide Path” imposing carbon restrictions more gradually
could reduce risks of bottlenecks/infeasibilities, stranded assets, early gas reserve depletion,
and near-term losses for the overall economy. However, analyses reported here show very
limited potential for the Glide Path to displace projected deployments of near-term
technology and infrastructure “solutions” with attractive and sustainable longer term
technologies. Such a scenario would require either imposition of carbon restrictions even
more gradually than under Glide Path (with substantially higher emission caps out to at least
2025) or else faster availability of more advanced longer term technology than is projected
through 2020 under “base” technology assumptions. The base technology assumptions used
in this study reflect the Energy Information Administration’s Annual Energy Outlook 1999
assumptions out to 2020, with EPRI assumptions being applied to post-2020 technology
advance. A faster and/or more diverse technology advance by 2020 is credible in some areas
and deserves consideration as a key aspect of energy and environmental policy.

•  There are potentially important synergies between advanced coal-based generating
technology and biomass-based generating technology. First, R&D and commercial
experience with one has substantial relevance for development and deployment of the other,
due to dependence on many of the same technology advances. This “dual applicability” of
technology reduces the risk in putting effort into the technology and having it be wasted
because carbon restrictions turn out to be more or less severe than anticipated. In addition,
individual power plants could be capable of gasifying and combusting a mixture of coal and
biomass, reducing the risk that actual plant (as opposed to R&D) investments would be
stranded if carbon restrictions turn out to be not as expected. Also, ability to mix the two
fuels would facilitate flexible fuel procurement and operating strategies needed to respond to
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changing fuel and carbon permit markets, as well as seasonal variations in the amount and
composition of available biomass. Finally, the risks and difficulties in establishing both
reliable biomass supply for power plants and reliable customers for biomass suppliers are
reduced if biomass can be used in plants that have coal as another fuel option. In the future,
both advanced coal-fired plants and even current coal plants (which may be able to co-fire
perhaps 15% biomass on average) could help establish and test the development of biomass
fuel supply systems, with much less risk for suppliers and plant owners than if dedicated
biomass-only plants were required.

•  Developing countries outside of the U.S. are expected to see much higher growth rates in
generating capacity. Some of the most important of these markets for generating technology
such as China and India are likely to continue to rely heavily on coal. By maintaining
leadership in coal-based generating technology, the U.S. enhances prospects not only for
future exports of products and services, but also for cost-effective mitigation of carbon
emissions worldwide, which in turn would ultimately ease the carbon reduction burden and
carbon permit prices for the U.S.

4.2 What Determines Tomorrow’s Winning Technologies?

Key driving factors determining the value of different generating technologies over time can be
broken into the following three categories.

1. Technology cost and performance characteristics, such as capital and operating costs, fuel
conversion efficiency, reliability and the flexibility of siting and operation, which are all
amenable to improvement through technology advance.

2. The price and availability of fuels,50 which are responsive to technological advances within
limits set by natural resources and societal constraints, and

3. Environmental liabilities, such as air and water emissions, land and water use, and use of
components or fuels whose production entails environmental harm or risk.

This study explicitly deals with categories 1 and 2, and addresses environmental liabilities in the
areas of SO2, NOx and, especially, carbon emissions through the modeling of constraints on
emissions. However, other potentially important environmental liabilities must ultimately be
recognized, such as land use issues that are only briefly alluded to in the chapter on productive
use of energy assets.

Technology advances require developing technologies that will be most valuable one, two or
more decades from now, especially when pursuing long-term objectives such as greenhouse gas
stabilization and energy security and sustainability. Uncertainty regarding all of the above types
of driving factors makes it difficult to pick tomorrow’s winning technologies and to prepare the
way for them. However, the winners will likely be technologies that do not have severe (or fatal)

                                                          
50 For renewable generation technologies without conventional “fuels” such as wind and solar, the availability and
development cost of suitable sites providing the renewable energy could be considered analogous to the availability
and price of “fuel.”
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vulnerabilities regarding fuel or environmental constraints, and that have the greatest potential
for improvement in their major cost and performance characteristics. Because the future is
uncertain and because there will likely be a variety of technology roles under any future, it is
desirable to develop a diversity of generating technologies with different strengths and
vulnerabilities.

A key consideration is that the factors determining technology “winners” will change over time
and, depending on their strengths and vulnerabilities, different technologies could become most
valuable, or even essential, in the future. This situation is illustrated and illuminated by
considering the possible costs of advanced coal- versus advanced natural gas-fired generating
technologies over roughly the next three decades (Figure 4-1). Coal-fired and gas-fired electric
generation and their fuel supply systems are both well established. However, efficient, flexible
and low-emitting advanced gas-fired combined cycle generating technology with low capital
costs per kilowatt is expected to rapidly gain market share over the coming decades. In the event
of substantial carbon penalties or constraints, such as under CPD, expansion of advanced gas-
based technology is projected to be faster still and to come at the expense of coal. Over roughly
the next two decades, other low- or no-carbon generating options are projected to have a much
more limited potential to substitute for today’s coal generation.
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Figure 4-1
Factors Driving Technology Choice Will Change Over Time
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By comparing projected representative generation costs51 for advanced coal-based versus
advanced natural gas-based technology for baseload generation (operating at high utilization)
over the coming decades we can visualize the basis for gas technology’s projected expansion
under current conditions and its even more rapid expansion in the event of carbon penalties.
Advanced gas-based generating technology has economic advantages over advanced coal
technology today due to lower fixed (mainly capital) costs. However, this advantage is projected
to decline in the future. Although both gas and coal technologies are projected to experience
technological advance, such advances would be likely to have a bigger impact on the
attractiveness of the coal technology, mainly because its capital costs represent a much bigger
portion of total costs. In contrast, gas technology’s costs are dominated by fuel costs, which
benefit only moderately from projected heat rate improvement beyond today’s already efficient
technology. This improvement in efficiency is offset by projected rises in fuel prices, since gas
supply is projected to be more constrained and subject to price increases than is coal supply.
Carbon penalties would prolong gas-based technology’s advantage, but over the long term
continued technology advance and rising gas prices can still favor coal, particularly if technology
development achieves carbon capture, transport and sequestration at acceptable costs.

Thus, while current economics and potential carbon penalties favor natural gas-based over coal-
based generating technology, credible future technology advances and rising gas prices could
swing the advantage back to coal at some time in the future. This time is not so distant that it can
be ignored when evaluating carbon policy. Because the relative advantages of different
technologies years from now depend on a variety of factors that are uncertain, strategies and
policies will be most effective if they assume and promote development and meaningful
commercial experience with multiple technologies that are sufficiently diverse with respect to
their strengths and vulnerabilities. While the above illustrative example focuses on advanced gas
and coal technologies and a few key driving factors, we can count on a wider range of driving
factors being important over time, and must consider technology advances in selected non-fossil
technologies, as well.

4.3 Would Early Carbon Pressures Produce Nearsighted Technology
Emphases?

Early, restrictive carbon limits would force a crash program relying on whatever technological
options were available in the near term. The main initial “solution” for the U.S. economy as a
whole, not just the electric generation sector, is projected to be advanced natural gas-fired
technology available in the coming decade. Projected deployment of this technology is rapid
even under BAU (Figure 4-2). However, under CPD it is about 1½ times faster, reaching over
250 GW by 2010 and reaching almost 500 GW by 2020 (Figure 4-3), an amount of capacity
nearly equal to today’s entire stock of utility fossil-based electric generating capacity. On the

                                                          
51 Depicted costs in this figure are examples, and ignore additional factors influencing selection of technologies that
are treated in the NEMS model and the real world. Some additional factors include: construction lead times, outage
rates/availability, non-carbon emissions, flexibility and cost of non-baseload operation (e.g., ramping, cycling),
discounted expectations of lifetime fuel costs and emission penalties (vs. 5-year forward fuel prices and constant
carbon taxes in Figure TL-1), regional system composition and loss of load probability, and regional differences in
fuel costs, capital costs, and available generating alternatives such as renewable resources.



Energy Technology Advances

4-6

positive side, if it were feasible, such massive deployment of this gas-fired technology with its
relatively low sunk capital costs per kilowatt of new generating capacity (but only if costs of
natural gas infrastructure are excluded) could buy time for development and deployment of a
more diverse and more sustainable mix of technologies. To some extent, such a strategy is
already occurring under BAU.
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Figure 4-2
Cumulative Additions of Generating Technology Under BAU

However, the picture under CPD has several downsides. As discussed in Appendix A, such
massive deployment of gas generation technology and the expansion of the gas supply
infrastructure that would be necessary to support it would certainly be disruptive, prone to
bottlenecks, and perhaps even infeasible. As discussed in the chapter on productive use of energy
assets, there is a real risk that large amounts of newly and rapidly deployed generating assets and
their infrastructure would become unproductive too soon, and that the coal supply system would
deteriorate too far. More directly relevant to this chapter’s issues of technology advances, such a
course could harm and delay the development and practical deployment of generating
technologies needed for a longer term sustainable solution to energy and environmental needs.
This unfortunate circumstance could happen in at least two major ways.



Energy Technology Advances

4-7

0

250

500

750

1000

1250 Other, incl.
solar

Wind

Biomass

Advanced
gas

Gas

Advanced
coal*

* Due to carbon caps, all projected additions of advanced coal
 generating technology have 90% carbon capture and sequestration.

2000                                                                   2050

Cumulative GW added, CPD

Figure 4-3
Cumulative Additions of Generating Technology Under Current Policy Direction (CPD)

First, early and restrictive carbon limits would necessarily give rise to intense utilization of then-
available technology to meet pressing emission deadlines. Capital, human resources, and
political will all have limits. When they are focused very heavily on one set of technologies, this
would most likely come at the expense of other technologies, including technologies having
longer term and, perhaps, less certain payoffs. Coal-based generating technology could suffer,
and conceivably so could other alternatives having longer term payoffs, such as renewable
technologies. Such intense but temporary emphases have occurred in the past, such as in
switching to oil-fired generation a half century ago, building numerous nuclear plants in the
1960’s and 1970’s, excluding natural gas as a generation fuel (favoring coal) in the late 1970’s,
and emphasizing and subsidizing qualifying facilities under PURPA (mainly plants using natural
gas) in the 1980’s. The Current Policy Direction would induce an even more dramatic swing in
generation choices, with long-lived consequences.

Second, massive “emergency” investment and deployment using near-term technological
answers to restrictive early carbon limits would reduce competing technologies’ opportunities for
meaningful commercial deployment and the valuable operating experience and infrastructure
development (or infrastructure maintenance, in the case of coal) this brings. It is true that carbon
restrictions would increase deployment opportunities for renewable technologies, relative to
opportunities under BAU. However, under the CPD timing, these technologies and their
infrastructure could at best play only minor roles over the 10-20 years in which massive gas
technology deployment would become an established fact. Renewable technologies’ potential
would take longer to develop, and even when “ready” these technologies would be
disadvantaged by having to compete against so much recently added gas-fired capacity with sunk
plant and infrastructure costs.
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The Glide Path does not produce a picture of generating technology additions all that different
from the picture under CPD (Figure 4-4). The main difference is that there is a modest but
significant reduction in projected GW of gas technology deployments. However, there is more to
be considered. To provide a necessary frame of reference, these analyses incorporate the same
technology assumptions under all three scenarios.52 In fact, technology advance is likely to be
strongly influenced by a dominant policy such as CPD. In particular, the earlier and more
pressing the carbon restrictions are (or are anticipated to be), the less might be the emphasis on
advancing coal and to some extent even renewable technology. This could limit or delay the
projected ultimate arrival of advanced coal technology to remove some of the pressure from
natural gas. Since CPD entails more severe early carbon pressures (and a stronger need to turn to
gas) than does the Glide Path, it might have a greater impact in slowing coal technology.

To play significant roles, renewable generating technologies will require longer lead times than
gas technology. Perhaps for this reason, the Glide Path with its lower initial carbon penalties is
not projected to slow deployment of renewable technologies. Over the longer term, CPD and an
aggressive Glide Path (such as evaluated here) would probably have indistinguishable effects in
motivating projected development of renewable technology.
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Figure 4-4
Cumulative Additions of Generating Technology Under a Carbon Glide Path to 2030

                                                          
52 There is only one significant technology variation among scenarios: projected capital costs for advanced coal and
key renewable technologies decline more quickly between 2000 and 2020 when the rate of additions is faster,
simulating “learning.” Natural gas technology’s projected capital costs essentially drop at the same rate under all
three scenarios, since additions are always rapid.
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4.4 Relying on Key Advanced Technologies Requires Both Lead Times and
Practical Commercial Experience

Advanced generating technologies must play a major role in achieving environmental objectives
under and carbon emission reductions policy, particularly if the “solution” is to be sustainable
and to minimize societal disruption and economic harm. While we cannot pinpoint the
technologies that will ultimately accomplish this, we can say that they are not available today
and will generally require lead times of decades rather than years. Furthermore, before playing a
major role in our energy systems, a generating or other technology will require substantial
commercial deployment beyond its R&D stage, to achieve valuable operating experience,
feedback on design features, and supporting infrastructure development.
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Figure 4-5
Cumulative Commercial Experience Projected for Four Key Families of Generating
Technology

Looking at the cumulative commercial experience projected for four key families of generating
technologies (Figure 4-5), we can see that advanced gas technologies will not be lacking in
commercial experience. Their projected operating experience in the coming decades, under BAU
as well as under carbon restrictions, should provide a basis not only for refining near term gas
technology and gaining experience with it, but also for paving the way for successor
technologies.

Not only are projections of commercial experience for advanced coal, wind and biomass
technologies much lower than for advanced gas technology, they also suggest possible risks.
Under BAU, advanced coal technology is projected to achieve moderate commercial operating
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experience by 2020, virtually all of it after 2010. While this is much less than what is projected
for advanced gas technology, it might be adequate to pave the way for the more substantial role
projected for advanced coal in subsequent years. Furthermore, given the relatively mature status
of some of the underlying coal technology and fuel supply infrastructure, the projected lead time
for significant deployment and commercial experience of about a decade from now seems
reasonable.

The story is different under CPD, where there is a projected lack of commercial deployment of
advanced coal technology though 2020. The projected major role of advanced coal generation in
later relieving some of the burden from gas would thus appear to be at risk. How can advanced
coal technology, especially with integrated carbon capture, be “ready” after a two-decade hiatus
without meaningful commercial deployment and experience? A major long-term energy system
role for advanced coal generating technology, should such a role be desirable, could be
significantly delayed or even threatened outright by lack of viable market opportunities and
experience over a prolonged period. Contributing to this risk is the questionable fate of the coal
supply infrastructure during this time.53

Projections of advanced coal deployment under the Glide Path present almost the same picture.
However, as noted earlier, all of these projections apply the same basic set of technology
advance assumptions regardless of what policy is assumed. It is possible (but certainly cannot be
proven) that an appropriate carbon glide path with more gradual imposition of carbon restrictions
would lead to greater public and commercial attention to advancing coal-based generating
technology (including carbon capture) than would occur under CPD’s more abrupt restrictions,
by permitting a longer term focus and by displacing coal generation less rapidly. If so, then
advanced coal might be more “ready” for a future role under such a glide path than under CPD.

At first glance, the projected “commercial experience” situation for key renewable generation
technologies based on biomass and wind appears to be the mirror image of that for advanced coal
(Figure 4-5). These renewable technologies are projected to see very little deployment and
commercial operating experience under BAU. At least for biomass (with fewer units deployed
per MW and with unprecedented fuel supply challenges), this calls into question whether the
assumed rates of technology advance and resulting projected deployment could actually be
achieved. Under CPD, much faster capacity expansion and accumulation of commercial
experience are projected for these renewable technologies, both before and after 2020. One
might say that the projected pre-2020 buildup offers a good springboard to even greater projected
expansion later (see Figures TL-3, TL-4). However, unlike the situation for advanced coal, the
problem is not whether projected early commercial experience is adequate to prepare for a bigger
long term role under CPD (or the Glide Path), but rather whether it is realistic to expect
commercial deployment and experience to expand as fast prior to 2020 as projected. The
projected GW-years of experience for either biomass or wind under CPD (or Glide Path) are
greater than what is projected for advanced coal even under BAU, both before 2020 and between
                                                          
53 These considerations are not reflected in the NEMS model. Hence, while the results of this study project the
development and use of substantial advanced coal generating capacity, with carbon capture, after 2020, these
considerations cast some doubt on the feasibility of those capacity additions. This reflects the fact that even a
detailed model such as NEMS, which offers the strong advantage of providing the ability to project and examine the
use of specific technologies in considerable detail, cannot capture the effect of all the considerations that will affect
future technology availability.



Energy Technology Advances

4-11

2020 and 2030 (Figure TL-5). Can these renewable technologies and accompanying
infrastructure really be developed as rapidly as projected under CPD, starting from today’s
technological and commercial immaturity with limited deployment (especially for biomass)? If
there is a good probability that the answer is “no,” then more gradual imposition of carbon
restrictions would provide a more realistic opportunity for these technologies and their
infrastructure to be developed, deployed, and gain useful commercial experience.

4.5 Limitations of Considering Only “Base” (AEO99) Technology Advance
Through 2020

This study used “base” generating technology advance assumptions for years through 2020,
taken from the Annual Energy Outlook 1999 (“AEO99”)54 reference case developed by the
Department of Energy’s Energy Information Administration (EIA). Beyond 2020, additional
“base” assumptions were developed regarding further technology advances out to 2050,
including key renewable generating technologies and an expanded set of coal- and gas-based
technologies.55 (Refer to Appendix D for a summary of key assumptions.) Using AEO99
technology assumptions out to 2020 provides a recognized starting point. However, it also limits
the ability to explore key risks and opportunities regarding the interaction of technology advance
and environmental policy, including important potential differences between CPD and more
gradual carbon glide paths (such as “Glide Path” in this report). Clearly this situation deserves
further attention, since technology advance overall and especially in electric generation is
acknowledged to be critical to achieving major environmental goals and especially greenhouse
gas stabilization.

Both slower and faster (than “base”) technology advance would have great impacts on the
projected effects of environmental policy, including the difference between CPD and more
gradual carbon glide paths. First, slower technology advance would mean that advanced gas and
renewable generation technologies would not be as economic or available as was assumed here.
This would raise costs, carbon permit prices, and the risks of bottlenecks, disruption and
economic harm -- unless carbon targets were delayed correspondingly, such as through a glide
path with targets tied to technology advance.

More interesting are the implications of assuming that technology advance has a reasonable
chance of proceeding faster or at least offering more options earlier (such as carbon capture),
especially if strong environmental pressures produce the appropriate public policy and market
signals. This would mean that generating technology options unavailable until after 2020 under
“base” assumptions might be available in time to play a much bigger role in alleviating various
projected consequences of carbon restrictions, particularly the projected massive deployment of
natural gas-based assets and equally rapid increase in natural gas consumption.

                                                          
54 Annual Energy Outlook 1999 with Projections to 2020, Energy Information Administration, DOE/EI2-0383(99),
December 1998, with more detailed assumptions and methodology provided on EIA’s website.

55 “Low” and “high” technology advance variations were considered, but analysis for this report used only the “base”
technology advance assumptions, to permit greater focus on carbon glide paths and post-2020 implications of
alternative policies.
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A glide path delaying very restrictive carbon caps by about a decade to around 2020 could then
enable important longer term technologies to come into play and be tested by the marketplace. In
contrast, present “base” technology advance assumptions prevent the Glide Path from having a
major impact on rate of deployment of longer term technologies In order to phase in carbon caps
from 2005 to 2030 while achieving the same cumulative 2000-2050 carbon emissions as CPD,
the “Carbon Glide Path to 2030” presented in this report is projected to require carbon caps 19%
and 24% below projected BAU emissions levels by 2015 and 2020, respectively. This is
projected to require carbon “taxes” (estimated marginal carbon mitigation costs) of $96 and $131
per ton in 2015 and 2020, respectively. The latter carbon penalty or tax is only 9% below the
CPD level projected for the same year. Thus, the Glide Path requires substantial carbon
mitigation measures by 2015, and measures nearly as severe as under CPD by 2020. Yet, under
“base” technology assumptions there is projected to be little advanced generating technology
ready to accomplish this, other than natural gas technology, so that the main effect of the Glide
Path is to delay the rapid shift to natural gas-based assets and gas consumption. For a glide path
to have a bigger impact on projected deployment of advanced, sustainable technology, either

1. Alternate low-carbon technology (presumably electric generating technology, but potentially
end-use technology) must be available by roughly 2015 (“higher technology advance”), or
else

2. The beginning of carbon reductions under the glide path must be substantially delayed.

To substantially reduce the projected shift to gas, the most obvious alternative for the 2015 time
frame is faster advance in coal technology with carbon capture. Some reduction in gas
consumption and increased diversity of technology additions before 2020 might also be achieved
with biomass-coal combinations (see below), However, the deployment of renewable generation
already projected under CPD may not leave room for credible “faster advance” of these
technologies, such as biomass. One might also look beyond the options addressed in this report,
such as advanced nuclear power technology, which has its own issues and vulnerabilities.

4.6 Potential Coal and Biomass Technology Advance Synergies

There is a potential synergy between the development and deployment of advanced biomass-
based generating technology and advanced coal-based technology that is only hinted at in this
study. First, there is a shared dependence on common technology advances in gasification and
subsequent combined cycle combustion of solid carbon fuels. This can be extended to sharing of
required technology advances to subsequently produce and use hydrogen fuel, and even to
capture and sequester carbon in the process. This synergy is recognized in DOE’s Vision 21
“energyplex” concept under which various flexibly combined carbon fuel inputs would be
converted to outputs of electricity, liquid or gaseous fuels, and chemical feedstocks. The
projections summarized earlier in this chapter suggest that advanced coal and biomass generating
technology have complementary (offsetting) environmental policy risks, with coal being hurt by
high carbon penalties and biomass being helped by and perhaps even requiring them. This
combination of shared technological dependencies and offsetting environmental risks suggests
that energy-environmental-technology strategies promoting and utilizing technology advances
required by both coal and biomass could help manage R&D risks; that is to say, risks that
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substantial investments in R&D and perhaps in subsidies and incentives would end up being
stranded and unproductive, partly as a result of great uncertainty regarding future carbon policy.

To suggest one possible scenario, the development and deployment of advanced coal technology
under anticipation of low or no carbon penalties (“BAU”) could at the same time benefit the
development of advanced biomass generating technology, through common R&D and relevant
commercial operating experience and feedback. This would give advanced biomass technology a
head start over where it might otherwise be (by itself) if low carbon penalties were anticipated to
make advanced biomass technology uncompetitive (see BAU in Figures 4-5 and 4-6). Then,
should carbon restrictions subsequently be greater than anticipated, biomass technology would
be more “ready” than it would be without the benefits of coal technology advances.
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Figure 4-6
Advanced Coal and Biomass Generating Technologies May Have Offsetting Lead Time and
Deployment Problems

Under the complementary scenario, if anticipation of stringent carbon restrictions leads to
increased focus on developing advanced biomass generation, the resulting R&D and commercial
experience could also benefit advanced coal technology, helping maintain its progress above
what is implied under carbon policy projections (see CPD in Figures 4-5 and 4-6). If carbon
penalties subsequently fall (or if carbon capture and sequestration are perfected for coal plants),
effort and experience put into the biomass technology could hasten the resurrection of coal.
These kinds of technology advance synergies are not presently modeled in NEMS. They could
make both technologies more attractive than otherwise, and might help demonstrate benefits of
glide paths that phase in carbon restrictions gradually, giving both coal and biomass technology
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time to develop before natural gas must be massively deployed as the primary near-term
solution.

Additional risk management synergies may arise from contrasting fuel supply issues. Advanced
coal-based generation would, if developed in time, inherit a well-established fuel supply chain
that is regional, national and even international. In contrast, advanced biomass-based generation
would benefit from carbon emission constraints and has the potential to enhance local
economies, as is cited in support of existing and proposed biomass programs. However, biomass
generation confronts difficult, unprecedented fuel supply issues. First, the fuel supply
infrastructure would have to be built up from virtually ground zero, resolving how to procure,
transport, process and store large amounts of biomass from numerous waste sources plus new
dedicated energy crops. Under CPD projections, this infrastructure would have to provide about
200 million tons of biomass fuel per year56 by 2020, compared to somewhat over 1000 million
tons per year of coal presently mined, transported, processed and stored by a system developed
over decades. Due to the dispersed and varied sources of biomass plus its low Btu content per
unit volume (especially before drying and processing), stand-alone biomass plants would need to
be relatively small and dispersed, located where adequate fuel supply was within perhaps 50
miles. Furthermore, biomass composition and its resulting combustion and gasification
characteristics vary greatly among potential biomass fuels, complicating the processes of
designing and operating costly plant hardware, not to mention arranging for suitable amounts and
types of fuel year-round. In contrast, coal suffers from none of these fuel supply difficulties.57

Beyond sharing mutually relevant R&D and feedback from commercial operating experience,
coal and biomass technologies might in some circumstances “share” the same actual generating
assets, reducing plant investment risks under uncertain future conditions. In other words,
individual advanced technology plants with fuel gasification could burn a mixture of the two
fuels (“co-synthesis”), perhaps within limits factored into the design. There is already evidence
that gasifying coal and biomass together is not only feasible, but can offer more efficient product
mixes. This would mean that flexible mixtures of coal and biomass could be burned, with the
mix largely determined by the extent of carbon penalties. This would greatly reduce the
investment risk, relative to investing in a plant that can use only coal or only biomass. The fuel
mix might also be adjusted for reasons other than carbon penalties, such as to respond to
changing fuel prices, or to compensate for seasonal variations in the availability and composition
of biomass.

This synergy would also help alleviate the problem of initial development and testing of the
feasibility of a biomass supply system, since it could start by supplying part of the fuel
requirements for plants with established coal supplies. Plant locations, sizes, and designs would
be less constrained when not having to obtain 100% of their fuel from biomass. In turn, potential
biomass suppliers would be less at risk of novel biomass-only generating plants failing
commercially. Especially in an environment with significant carbon restrictions, plant owners
might obtain better fuel procurement leverage by having some coal vs. biomass flexibility.
Actually, this fuel mixing and initial development of the biomass fuel supply system could begin

                                                          
56 This assumes 8000 Btu/lb dry biomass, and that biomass fuels initially average 1/3 moisture content.

57 A partial exception is that coals vary in composition, but much less so than potential biomass fuels
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with existing pulverized coal plants, through biomass co-firing. This is already being tried both
for test purposes and also for commercial reasons, including competitive biomass prices in some
areas and interest in marketing “green power.” Accumulating experience suggests that, on
average, a maximum realistic biomass co-firing percentage for coal-fired generating plants might
be around 15% on a Btu basis, with considerable variation according to biomass and boiler
characteristics. One result of co-firing could be the extension of existing coal plant lives under
carbon restrictions; this is not currently modeled in NEMS.

The biomass-coal example represents only one possible technology advance scenario that could
develop over time. However, most important technology advances are not likely to be ready for
large scale deployment, let alone providing significant proportions of the energy used in the U.S.,
within a single decade. In fact, they may not be developed in the near future at all if competitive
choices are limited by restrictive carbon policies that do not allow sufficient time for the U.S.
energy system to evolve in a sustainable, flexible and innovative direction.





5-1

5 
ECONOMIC IMPACTS OF THE CURRENT POLICY

5.1 Introduction

This chapter summarizes the impacts of the Current Policy Direction on the nation’s economic
health. Because energy is used in the production of almost all goods and services, changes in
energy prices can affect the production potential of the U.S. economy. In the short-term, the
economy would suffer from macroeconomic adjustment costs as changes in price levels disrupt
capital and labor markets. In the long-term, the economy would suffer permanent losses
associated with shifting production inputs away from energy into other resources, such as capital
and labor, as these inputs become relatively cheaper than energy. While it is possible to mitigate
short-term adjustment costs through monetary and fiscal policy, it is not possible to mitigate
long-term losses.

Because this study used EIA’s NEMS model for its primary analyses, the results regarding
economic effects of the Current Policy Direction presented in this chapter are generally
consistent with those presented by EIA in its 1998 report, Impacts of the Kyoto Protocol on U.S.
Energy markets and Economic Activity. In that report, EIA presented results for a range of
carbon reduction cases; the case that corresponds to the Current Policy Direction analyzed for
this report is the “1990+9%” case. There are some differences between EIA results and the
results presented in this chapter due to the fact that the case analyzed by EIA included neither the
2003 NOx reductions nor the 2007 SO2 reductions include in the Current Policy Direction. The
extra costs of making these additional emission reductions are, of course, reflected in the results
presented here.

The economic impacts described here would be the result of the substantial transformation of the
energy system that would occur under the emission constraints of the apparent policy,
particularly the constraints on carbon emissions. This transformation reflects the three ways to
reduce energy-related emissions: (1) shift to less emission-intensive fuels; (2) adopt more
emission-efficient (and energy-efficient) equipment; and (3) reduce the demand for energy
services (e.g., electricity). All of these adjustments are costly, particularly if they are
accomplished in the near term when low-carbon energy technologies are expensive and when
power plants and other infrastructure would need to be replaced before the end of their useful
lives. Moreover, these adjustments lead to substantial increases in energy prices, overall price
levels, and interest rates, which in turn leads to reductions in overall U.S. gross domestic product
(GDP).

The pervasiveness of energy in the economy leads to a linkage between energy prices and overall
economic activity. Figure 5-1 shows the historical relationship between energy prices and GDP
over the period from 1960 to the present. The negative effects of higher energy prices on the
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economy were perhaps most dramatically demonstrated during the 1970s oil crises, when large
increases in energy prices were accompanied by substantial declines in GDP. Figure 5-2 shows
the year-to-year changes in both energy prices and GDP during the 1970s. Indeed, it is useful to
compare the changes in energy prices and other measures predicted under the apparent policy
with those in the 1970s. The energy price increases due to the Current Policy Direction are
similar to those that occurred in the 1970s and, indeed, are substantially greater for coal.
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Figure 5-1
Historical GDP Growth and Energy Price Changes
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Figure 5-2
Energy Prices and GDP
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The chapter is organized into several categories of economic impacts. Section B reports the
effects of the Current Policy Direction on energy prices and expenditures. Section C examines
impacts on various financial measures, including overall price levels, interest rates, investment
expenditures, and foreign trade. Section D reports impacts on various measures of the overall
U.S. economy, including employment, GDP and disposable income. Section E reports the overall
resource cost of the Current Policy, which includes two components. The first is the cost of the
domestic reductions called for under the Current Policy Direction. The second component, which
relates only to carbon, is the cost of the international carbon permits purchased by the U.S. from
other countries. Section F provides a brief summary.

5.2 Energy Prices and Expenditures

The Current Policy Direction would have a dramatic impact on energy prices. Fossil fuel prices
would rise substantially to reflect the implicit carbon tax required to achieve the required
domestic reductions in carbon emissions. The price effects would also include the effects of
changes in the demand for various fuels resulting from all three policies. Electricity prices would
rise to reflect the higher prices for fossil fuel as well as the increased pollution control costs to
achieve reductions in NOX and SO2 emissions.

This section reports results for energy prices and household energy expenditures. We present two
major types of results:

1. Difference between projected prices under the Current Policy Direction and under Business
as Usual (BAU). Comparing projections under the Current Policy Direction and BAU
measures the effects of the Current Policy Direction on energy prices.

2. Projected price changes versus historical price changes. Comparing the projections of price
increases under the Current Policy Direction to those experienced in the 1970s provides a
sense of perspective. To provide comparability, the two sets of price changes are presented as
changes relative to a base year; the base year is 1968 for the 1970s and 2003 for the
projections.

These two sets of results allow us to determine the impacts of the Current Policy Direction and to
assess the magnitudes of the price changes likely to take place if the Current Policy Direction
were adopted.

5.3 Fossil Fuel Prices

Prices for all fossil fuels would increase substantially under the Current Policy, in comparison to
the business-as-usual (BAU). The resulting price increases are similar to those that took place in
the 1970s and, in the case of coal, much greater than those observed in the 1970s.

Coal Prices

Figure 5-3 illustrates the impact of the Current Policy Direction on coal prices. Relative to the
BAU case, the Current Policy Direction would cause coal prices to rise by almost 410 percent by
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2020 under normal growth assumptions. Under a high U.S. growth scenario, the Current Policy
Direction would cause coal prices to rise by about 650 percent by 2020 relative to BAU.
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Figure 5-3
Impact of Current Policy Direction on Coal Prices

Comparing the changes in energy prices due to the Current Policy Direction with recent
historical episodes of rising energy prices provides some perspective on the magnitude of these
impacts. Figure 5-4 shows the cumulative percentage change in coal prices from the energy
shocks of the 1970s along with the cumulative percentage change in coal prices under the
Current Policy Direction. Over a 17-year time frame, coal prices increased by about 105 percent
during the energy shocks of the 1970s, while the Current Policy Direction would cause coal
prices to increase by about 310 percent. That is, the Current Policy Direction would lead to an
increase in coal price that is more than three times as large (in percentage terms) as the total
percentage increase in coal price due to the 1970s energy shocks.
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Figure 5-4
Comparison to Recent History: Coal Prices

Natural Gas Prices

Figure 5-5 shows the effects of the Current Policy Direction on natural gas prices paid by
residential consumers. Under normal growth, the impact of the apparent policy on residential
natural gas prices would increase steadily; by 2020, natural gas prices would be 57 percent
higher than the BAU case. The impact would be greater under the high growth scenario;
residential natural gas prices would be 79 percent higher than the BAU case by 2020. Well-head
prices would follow similar patterns. Price increases would be the result of both implicit carbon
taxes and increased demand for natural gas. In the post-2020 period, resource scarcity also would
contribute to price increases.
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Figure 5-5
Impact of Current Policy Direction on Residential Natural Gas Prices

-20%

0%

20%

40%

60%

80%

100%

120%

140%

1968 1970 1972 1974 1976 1978 1980 1982 1984

Year

P
er

ce
nt

ag
e 

C
ha

ng
e 

in
 P

ri
ce

 O
ve

r 
T

im
e

1968-1985 Historic
2003-2020 Policy

2003    2005     2007     2009    2011     2013     2015    2017     2019

Note: Current Policy Direction uses normal growth assumptions.
Source: U.S. DOE (1995). Forecast data from NEMS modeling as explained in text.

Figure 5-6
Comparison to Recent History: Residential Natural Gas Prices

Figure 5-6 compares the cumulative percentage change in residential natural gas prices for the
energy shocks of the 1970s with the cumulative percentage change in residential natural gas
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prices under the Current Policy Direction. During the 17 years around the energy shocks of the
1970s natural gas prices increased by 108 percent. The Current Policy Direction would cause
natural gas prices to increase by 41 percent, slightly less than half of the effect from the energy
shocks of the 1970s.

Petroleum Products

Prices of all types of petroleum products would show significant increases as well. The impact of
the Current Policy Direction on motor fuel prices is shown in Figure 5-7. The impacts would be
relatively small in comparison to the impacts on coal and natural gas, but would still be
substantial. Under normal U.S. growth assumptions, motor fuel prices would be 20 percent
higher than the BAU case, while under high growth assumptions prices would be 36 percent
higher than the BAU case.
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Source: NEMS modeling as explained in text.

Figure 5-7
Impact of Current Policy Direction on Motor Fuel Prices

Many people associate the energy shocks of the 1970s with dramatic increases in gasoline prices.
Figure 5-8 compares the cumulative percentage change in motor fuel prices for the energy
shocks of the 1970s with the cumulative percentage change in motor fuel prices under the
Current Policy Direction. Price increases under the Current Policy Direction would not be as
abrupt as the price shocks experienced from 1973 to 1974 and from 1978 to 1980. However, the
overall increase in gasoline and other motor fuels under the Current Policy Direction would be of
the same order of magnitude as the shocks of the 1970s.
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Figure 5-8
Comparison to Recent History: Motor Fuel Prices

Price impacts on heating oil, shown in Figure 5-9, would be similar to those on motor fuel.
Under normal growth assumptions, heating oil prices would be about 33 percent higher than the
BAU case in 2020. Under high growth assumptions, heating oil prices would be about 55 percent
higher than the BAU case in 2020.

Figure 5-10 shows the cumulative percentage change in price for heating oil for the 1970s energy
shocks and the effects of the Current Policy Direction. As the graph shows, heating oil prices
rose by 114 percent during the energy shocks of the 1970s (with a peak increase of almost 200
percent) while the Current Policy Direction would cause prices to rise by 46 percent.
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Figure 5-9
Impact of Current Policy Direction on Heating Oil Prices
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Figure 5-10
Comparison to Recent History: Heating Oil Prices
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5.4 Electricity Prices

The previous chapters describe the major impacts the Current Policy Direction would have on
the electric utility sector. All three of the policy initiatives—NOX, SO2, and greenhouse gas—
target electric utility emissions. The emissions reductions required by the Current Policy
Direction would require utilities to change their infrastructure substantially. These changes
include: shifting generation to existing generating facilities with lower emissions but higher
costs; retrofitting existing coal facilities to incorporate cleaner technologies, alternative sources
of fuel, or both; and constructing new generating facilities, such as natural gas and renewable
technology plants. All of these changes would increase the costs of providing electricity to U.S.
households and businesses. The net effect would be substantial increases in the price of
electricity.

Figure 5-11 shows the percentage impact of the apparent U.S. policy on average electricity prices
relative to BAU case under both normal and high growth assumptions. The Current Policy
Direction would cause electricity prices to be 43 percent higher than BAU under normal growth
assumptions and 58 percent higher under high growth assumptions.
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Source: NEMS modeling as explained in text.

Figure 5-11
Impact of Current Policy Direction on Average Electricity Prices

These increases in prices are similar to those in the 1970s. As illustrated in Figure 5-12,
electricity prices rose by 41 percent over the 16 years surrounding the energy shocks of the
1970s. The Current Policy Direction would cause an almost 30 percent rise in electricity prices
over a similar 17-year span, virtually identical to the price rises of the 1970s. Indeed, electricity
prices would rise even more sharply in the early years of the apparent policy than in the 1970s.
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Figure 5-12
Comparison to Recent History: Electricity Prices

5.5 Household Energy Expenditures

Higher energy prices would lead to substantial increases in households’ energy expenditures.
Figure 5-13 shows the percentage change in household energy expenditures as a result of the
Current Policy Direction. Household energy expenditures include payments for home heating, air
conditioning and electricity but exclude transportation expenditures. By 2020, U.S. households
would pay 22 percent more for energy under the baseline growth assumptions. If economic
growth were high, households would pay 30 percent more for energy.
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Source: NEMS modeling as explained in text.

Figure 5-13
Percentage Impact of Current Policy Direction on Annual Household Energy Expenditures

Figure 5-14 shows the dollar impact on annual household energy expenditure. By 2020, U.S.
households would pay about $305 more each year for household energy under the baseline
growth assumptions. That figure would increase to about $425 under the high growth
assumptions.
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Figure 5-14
Dollar Impact of Current Policy Direction on Annual Household Energy Expenditures
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Note that these figures show the net result of two opposing phenomena. As energy prices rise,
households would spend more money on any given level of energy consumption, which would
raise expenditures. However, higher prices would cause consumers to reduce their overall
consumption of energy, which would lower energy consumption. This reduction in energy use
can be seen in Figure 5-15. Under the Current Policy, energy consumption declines about 15
percent relative to BAU under normal growth, and 18 percent under high growth. These results
mean that household expenditures would increase under the Current Policy Direction at the same
time that the quantity of energy services households receive would diminish.
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Note: Results illustrate the percentage increase relative to business-as-usual case.
Source: NEMS modeling as explained in text.

Figure 5-15
Impact of Current Policy Direction on Residential Energy Consumption

The Current Policy Direction would also lead to increases in transportation energy expenditures
and decreases in transportation use levels, though these impacts are not reflected in Figure 5-13
through Figure 5-15. Increases in transportation energy expenditures are reflected in the changes
in motor fuel prices shown in Figure 5-7. The decrease in transportation use levels can be seen in
Figure 5-16 which shows the percentage change in light-duty vehicle (LDV) miles traveled.
LDV miles traveled decrease 5 percent under the Current Policy Direction and almost 7 percent
under the High Growth assumptions.
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Note: Results illustrate the percentage increase relative to business-as-usual case.
Source: NEMS modeling as explained in text.

Figure 5-16
Impact of Current Policy Direction on Light-Duty Vehicle Use

Impacts on household energy expenditures differ considerably by region. Regional differences
arise for several reasons, including differences in energy consumption as well as differences in
the mix of generation sources used to produce electricity. Focusing upon the period from 2008 to
2012, when the impacts of the proposed policy would be most significant, Figure 5-17 and
Figure 5-18 show the household impacts for each U.S. region. Figure 5-17 shows the percentage
increase in average annual household expenditures over the period from 2008 to 2012.
Percentage increases range from 16 percent for New England (18 percent under high growth) to
24 percent for the East North Central (29 percent under high growth).
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Source: NEMS modeling as explained in text.

Figure 5-17
Average Percentage Impact of Current Policy Direction on Average Annual Household
Energy Expenditures (2008-12), by Region

Figure 5-18 shows the regional variation in annual dollar increases. The dollar increases under
the high growth case range from an additional $220 per year for households in the Pacific to an
additional $424 per year for households in the East North Central.

These changes in household energy expenditures are similar to those that occurred in the late
1970s as a result of the Iranian oil crises. Figure 5-19 shows that the Current Policy Direction
would increase household energy expenditures by 11.1 percent over the two-year period from
2004 to 2006, as the first actions are taken in achieving the Current Policy Direction. In contrast,
household energy expenditures rose by 13.9 percent from 1978 to 1980 during the Iranian oil
shock.
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Source: NEMS modeling as explained in text.

Figure 5-18
Average Impact of Current Policy Direction on Average Annual Household Energy
Expenditures (2008-12), by Region
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Figure 5-19
Comparison to Recent History: Household Energy Expenditures
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5.6 Financial Impacts

This section provides information on the impacts of the Current Policy Direction on various
economic financial measures: overall price levels, interest rates, investment, and foreign trade
(imports and exports).

5.6.1 Overall Price Level

Because all goods and services require energy as an input to production, the increase in energy
prices would translate into an increase in the overall level of prices of all products. Because
energy is only one input into the production process, the increase in aggregate prices would be
much smaller than the increase in energy prices. Also, the effect is somewhat muted by the
presence of goods imported from nations that would not face substantial increases in energy
prices (i.e., non-Annex I countries). Despite this fact, the aggregate U.S. price level under
Current Policy, as represented by the Consumer Price Index (CPI), would increase by as much as
3.7 percent during the 17-year period following the implementation of the Current Policy
Direction. Considering that annual inflation is currently below 2 percent, this would represent a
substantial increase in the aggregate price level. Figure 5-20 shows the impacts of the Current
Policy Direction on the CPI under the baseline and high growth scenarios.
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Figure 5-20
Impact of Current Policy Direction on Consumer Price Index
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5.7 Interest Rates and Investment

Increases in the aggregate price level would result in higher interest rates, as investors would
need to be compensated for higher expected inflation. Since higher interest rates mean higher
costs of borrowing, aggregate investment would decline. Figure 5-21 shows the effect the
Current Policy Direction would have on both the real interest rate (represented by the real yield
on 10 year government bonds) and real investment. Investment is predicted to decline by as
much as $166 billion in real terms, while interest rates would rise by over 0.7 percent. Figure
5-22 shows the long-term impact on real investment (to 2050).

The impacts of these changes have both transitional and permanent components. Since changes
in the price level would be permanent, this would lead to a permanent reduction in the supply of
money. In the short-term, however, investment and interest rates would oscillate until new
equilibria in factor markets (capital and labor) are reached. These short-term movements are seen
in Figure 5-20 through Figure 5-22, which illustrate the upward and downward swings in the
CPI, real investment and the real bond rate.
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Figure 5-21
Impact of Current Policy Direction on Real Investment and Cost of Capital
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Figure 5-22
Impact of Current Policy Direction on Real Investment (2000-2050)

Determining the effect of energy price increases on overall measures of the economy is difficult,
since many other factors, such as monetary policy, also contribute to changes in the overall
economy. The effects of historic energy shocks on the economy can be estimated by statistically
determining how the economy would have performed had the energy shocks not taken place.
Using these counter factual estimates of how the economy would have performed, it is possible
to separate impacts on investment due to the energy shock from other factors.

Figure 5-23 shows the percentage impact of the first energy shock, based upon an average of the
results from six studies (Mork, 1979). This impact is compared to the percentage impact the
Current Policy Direction would have on investment. While the effects of the Current Policy
Direction would not be as large as the effects of the first energy shock, these effects nonetheless
are still quite large.
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Figure 5-23
Comparison to Recent History: Change in Investment Relative to Trend Path

5.8 Foreign Trade

Higher aggregate prices in the U.S. would reduce the competitiveness of U.S. industries relative
to those in other nations (especially non-Annex I countries). Price increases for energy and other
intermediate goods would make products from U.S. firms more expensive relative to similar
products from foreign competitors that do not face such price increases. Figure 5-24 shows the
change in imports and exports under the Current Policy, under the base growth case.

Initially, the effect of the price shock on the economy would lead to sizable reductions in both
imports and exports. Declines in domestic consumption from energy price increases would
reduce import levels, while higher prices would reduce exports. After this initial period, U.S.
consumption would recover somewhat, but U.S. consumers would be purchasing higher
quantities of imported goods relative to domestic products. This lingering effect reflects the
decreased competitiveness of U.S. industries relative to their foreign counterparts.
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Figure 5-24
Impact of Current Policy Direction on Imports and Exports

5.9 Macroeconomic Impacts

This section provides information on the impacts of the Current Policy Direction on the overall
economy. These macroeconomic impacts include:

•  Employment;

•  Gross domestic product (GDP);

•  Personal income; and

•  Sectoral impacts.

The results include information on the near-term impacts (to 2020) as well as on longer term
impacts (to 2050).
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Note: Results illustrate the impact relative to business-as-usual case.
Source: NEMS modeling as explained in text.

Figure 5-25
Impact of Current Policy Direction on Employment

5.10 Employment

Figure 5-25 shows the impact that the Current Policy Direction would have on employment over
time, relative to BAU, under both the baseline and high growth cases. Figure 5-26 shows the
corresponding change in the U.S. unemployment rate. As the graphs show, U.S. employment
would fall by more than four million jobs under the baseline growth case and by almost five
million jobs under the high growth scenario. These job losses would translate into an increase in
the overall unemployment rate during that period of about 1.3 percentage points.
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Figure 5-26
Change in Unemployment Rate Under Current Policy Direction

5.11 GDP and Disposable Income

Figure 5-27 shows the impact the Current Policy Direction would have over time on GDP and
disposable income, relative to the base case. GDP could decline by $322 billion in 2009, and
disposable income by over $125 billion in the same year. Figure 5-30 shows these effects under
the high growth case.

Figure 5-28 shows the percentage change in GDP under the apparent policy, relative to BAU.
Impacts on GDP peak in 2009, with a drop of 3.3 percent. The transitional impact of these price
changes would run through 2020, with a long-term, permanent decline in GDP of close to 1
percent.
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Figure 5-27
Impact of Current Policy Direction on GDP and Income
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Source: NEMS modeling as explained in text /EPPA.

Figure 5-28
Impact of Current Policy Direction on GDP 2000 to 2050
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Figure 5-29
Comparison to Recent History: GDP and GNP Loss Relative to Trend Path

As with investment, statistical analyses of the first energy shock of the 1970s can be used to
distinguish between the impact of energy price increases and other factors on GDP. Using the
results from the six studies discussed earlier, Figure 5-29 shows the average percent change in
GNP (from the counter-factual trend) from the first energy shock, and the percent decline in
GDP that would occur due to the Current Policy Direction relative to the base case. The graph
shows that while the unanticipated energy shock of the early 1970s was more damaging, the
effects of the apparent U.S. policy would also be significant.

5.12 Sectoral Impacts

The Current Policy Direction would have very different impacts on the various sectors of the
U.S. economy. Industries in the energy sector would have significant impacts, as would energy-
intensive sectors, which would see larger price increases in their products. Figure 5-30 shows the
average (over the years 2008-2012) annual effect of the Current Policy Direction on the output of
selected industry groups. As expected, the mining sector (including coal) would be the hardest
hit. Under base growth assumptions, output of the mining sector would be reduced by almost 6
percent, on average, over the 5-year period, and are 10 percent under high growth assumptions.
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Figure 5-30
Average Annual Impact of Current Policy Direction on GDP (2008-12) by Sector

Many industries would be particularly vulnerable to the rise in energy prices. For example,
energy intensive industries that face competition from imports would suffer from import
substitution as their prices increase relative to foreign competitors. The Chemical and Allied
Products sector, for example, would undergo a 4.0 percent average annual decline in output
under the normal growth assumptions.

The method of recycling carbon tax revenues back into the economy would affect the differential
impacts of the Current Policy Direction on various sections. Carbon tax revenue is assumed to be
returned to consumers, moderating the decline of disposable income and, therefore,
consumption. As a result, consumption would decline less than investment, leading to a shift in
the composition of final demand towards more consumer-related goods and services. Therefore,
industries such as services and retail trade would experience less than the average loss in output
for all sectors.

5.13 Overall Costs of the Current Policy

This section provides information on the overall costs of the Current Policy Direction to U.S.
households. The overall cost can be measured as the sum of two components:
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1. Costs to achieve domestic emission reductions, including carbon, NOX, and SO2 reductions;
and

2. Costs to purchase international greenhouse gas allowances.

This section reports these two components, as well as the total costs under several alternative
assumptions regarding economic growth and technology development.

5.14 Costs of Domestic Emission Reductions

Reducing emissions imposes costs on U.S. households. The source of the costs is somewhat
different for NOX and SO2 reductions, and carbon reductions. Emissions of all three pollutants are
reduced by reducing the overall demand for energy services, using more energy-efficient
technology to produce energy services, and shifting to lower emission-intensive fuels (e.g.,
renewables). In addition, both NOX and SO2 emissions can be reduced by installing emission
control equipment such as low-NOX burners or scrubbers. In contrast, similar options to reduce
carbon emissions only become available after the 2020 time period. Carbon prices measure the
marginal cost of reducing carbon emissions to the levels required in the Current Policy Direction.

Figure 5-31 shows the pattern of carbon taxes under the Current Policy Direction. For the
baseline growth scenario, the carbon taxes range from $11 per ton of carbon in 2005—when
reductions begin—to $144 per ton by 2020, the end of the NEMS modeling period. Under high
growth assumptions, carbon prices rise to over $225 per ton by 2020. These high prices reflect
the more expensive options that would be required in order to provide the larger carbon
reductions required under higher economic growth.
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Note: Results illustrate the implicit carbon taxes in the Current Policy Direction.
Source: NEMS modeling as explained in text.

Figure 5-31
Implicit Carbon Taxes in Current Policy Direction (1999-2020)
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Figure 5-32 shows the present value as of the year 2000 of the resource costs of reducing the
three pollutants covered by the Current Policy Direction under a variety of assumptions. (These
estimates assume a 7 percent discount rate.) These resource costs reflect the costs of reducing all
emissions as reflected in the carbon tax as well as the additional emission control equipment
involved in reducing NOX and SO2 emissions to the required levels. The overall costs are
substantial. Over the 20-year period, the present value of costs is $125 billion under the baseline
growth and technology assumptions. Resource costs range from $125 billion to $165 billion
under the alternative assumptions. Costs are lowest in the base case, and highest under the high
growth assumptions (about $40 billion higher than the base case).
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Note: Results illustrate the total resource costs of the Current Policy
Direction under different assumptions. Present value is calculated as of
the year 2000 using a 7 percent discount rate.
Source: NEMS modeling as explained in text.

Figure 5-32
Total Resource Costs of Current Policy Direction Under Varying Assumptions (Present
Value)

Note that these resource cost estimates reflect only the costs of reducing emissions and do not
include several other categories of costs. These excluded categories include macroeconomic
adjustment costs, capital constraints, and the higher costs of implementing emission reductions
through less efficient mechanisms (e.g., technology standards). Including these various cost
components—particularly the near-term macroeconomic adjustments arising from higher energy
prices—would result in substantially greater cost estimates.
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5.15 Costs of International Carbon Permits

The economic impacts of the Current Policy Direction assume that the U.S. would achieve a
portion of its emissions target through the purchase of international carbon allowances from
other countries. The domestic emissions assumed in the Current Policy Direction are equal to 9
percent above 1990 emissions, which means that allowances totaling 12 percent of 1990
emissions must be purchased each year (assuming an emissions target of 3 percent below 1990
emissions). The cost of purchasing these international carbon permits represents an important
component of the total resource costs of the policy.

Figure 5-33 shows the annual costs of U.S. purchases of international carbon allowances. These
estimates are not based upon a detailed projection of likely international carbon allowance prices.
Rather, the estimates assume that the price of international permits is equal to the domestic
carbon taxes estimated in the analysis. (Note that the carbon tax would be the same as the
domestic allowance price that would be established under an equivalent cap-and-trade program.)
In the base case, annual permit costs are about $20 billion annually. Under high growth
assumptions, the costs rise to over $35 billion by 2020.
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Source: NEMS modeling as explained in text.

Figure 5-33
Payments for International Carbon Permits

The overall cost of purchasing carbon allowances would be substantial. Over the period to 2020,
the present value of international carbon allowance purchases would be $95 billion in the base
case and $123 billion under high growth assumptions. Note that NEMS does not include these
costs when analyzing the impact of the Current Policy Direction on the economy. These
additional purchases would exacerbate aggregate economic conditions by further reducing
money supplies for investment. Were these purchases incorporated into the economic modeling,
declines in investment, consumption, GDP, and other economic indicators would be even larger.
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5.16 Total Resource Costs

The total direct cost of the Current Policy Direction can be measured as the sum of the costs to
achieve domestic reductions and the cost of international carbon permit payments over time (cost
of permits acquired through trading), appropriately discounted. Figure 5-34 shows the present
value of these costs from 2000 to 2020, as of January 1, 2000, in 1997 dollars, using a discount
rate of 7 percent. Under the baseline conditions for economic growth and technology
development, reducing domestic emissions would cost $125 billion, while carbon permits would
cost $95 billion. The total resource costs would be $219 billion.
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Figure 5-34
Total Cost of Current Policy Direction (Present Value)

5.17 Summary

The effects of the Current Policy Direction on economic health can be summarized as follows:

1. Emission constraints would cause large increases in energy prices as well as large increases
in household energy expenditures. As electric utilities retrofit existing generating facilities
and construct new natural gas units, the cost of energy in the U.S. would rise.

2. Higher energy prices would translate into higher general price levels, higher interest rates,
and reduced levels of investment. Because almost all goods and services use energy, higher
energy prices would be reflected in a higher aggregate price level. Interest rates would rise
and investment would decline.
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3. Reduced competitiveness of U.S. companies would cause increases in imports and decreases
in exports. Because U.S. companies would face relatively higher energy costs, they would
become less competitive relative to companies in other nations. This decrease in
competitiveness would manifest itself in higher imports (as U.S. consumers purchase less-
expensive foreign goods) and decreased exports (as foreign consumers purchase fewer U.S.
goods).

4. The overall economy would experience losses in employment, GDP, and personal income.
Higher energy prices and the reduced competitiveness of U.S. companies will lead to near-
term dislocations in the U.S. economy, leading to reduced levels of employment, GDP and
personal income.

5. The resource costs of the Current Policy Direction would be substantial. Achieving the goals
of the Current Policy Direction would cost U.S. households between about $240 billion and
about $360 billion, depending upon economic growth and availability of low-emitting
technology. This total includes the cost of reducing NOX, SO2 and CO2 emissions
domestically as well as the cost of purchasing international carbon permits to achieve the
Kyoto target for the U.S. over the period from 2000 to 2020.
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6 
ASSESSMENT OF POLICY ALTERNATIVES

6.1 Introduction

The Current Policy Direction examined in previous chapters reflects regulatory proposals being
considered for CO2, SO2 and NOX. The policies include:

•  CO2 Policy – The CO2 emissions Kyoto target for the U.S. is 3 percent below 1990 emissions
to be achieved by 2008-2012 and maintained thereafter.58 About one-third of U.S. required
reductions are assumed to be achieved through international emissions trading, resulting in a
domestic emissions target of nine percent above 1990 emissions.

•  SO2 Policy – The Current Policy Direction will require an additional 50 percent reduction by
about 2007 in SO2 emissions from the targets set in the 1990 Clean Air Act.

•  NOX Policy – The Current Policy Direction requires implementation of the NOX SIP Call
requirements for emission reductions in 22 eastern states and the District of Columbia by
2003.

As previous chapters have shown, the emissions reductions required by these policies would
pose risks to the U.S. economy and energy system. These risks arise because of the levels of
reductions required as well as the time period required to achieve them. The Current Policy
Direction would require a dramatic and rapid change in the energy system that could produce
production bottlenecks (particularly for natural gas), premature retirement and under-utilization
of generation and pollution control equipment, disorderly deployment of new technologies, and
an unbalanced energy mix.

This chapter examines alternatives to the Current Policy Direction and individual components of
the Current Policy Direction. The alternatives are organized into three groups:

1. Near-Term NOX and SO2 Controls – Near-term NOX alternatives include continuation of
existing NOX requirements and the NOX SIP CALL. Near-term SO2 alternatives include
continuation of existing SO2 requirements, and additional 25 and 50 percent reductions from
these existing requirements.

2. Long-Term CO2 Decisions – Long-term policy alternatives involve changes in the long-term
timing of CO2 targets. Under the alternatives, the Kyoto targets would be phased in by 2020

                                                          
58 The Kyoto target for the U.S. is 7 percent below 1990 emissions. The target used in this report assumes a 4 percent
credit for reductions of other greenhouse gases and sinks.
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and 2030, rather than by 2010 as required under the Current Policy Direction. All options
would achieve the same cumulative emissions over the period 2000 to 2050.

3. Near-Term CO2 Decisions – Near-term CO2 policy alternatives are examined using a decision
analysis framework. These alternatives emphasize the flexibility gained by phasing-in near-
term implementation of domestic emissions targets. The benefits of flexibility are examined
within the context of uncertainty over the type of international emissions trading that is put in
place.

The remainder of the chapter is organized as follows. Section B addresses near-term NOX and
SO2 policy alternatives. Section C examines to long-term CO2 policy alternatives. Section D
examines near-term CO2 alternatives. Section E summarizes the results of the alternative policies
examined.

6.2 Near-Term NOX and SO2 Controls

6.2.1 Additional NOX Reductions

EPA’s NOX SIP Call rule would impose additional NOX restrictions starting in 2003. Annual
utility NOX emissions under the existing NOX requirements (the business-as-usual (BAU) case)
and SIP Call are presented in Figure 6-1. Emissions reductions would be about 20 percent for the
country as a whole. However, the SIP Call targets emissions in 22 states and the District of
Columbia, thereby concentrating impacts on particular states. Further, the SIP Call cap affects
only summer emissions, and much of the pollution control equipment installed to meet this cap
would not be utilized in the non-summer months.
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Source: NEMS modeling as explained in text.

Figure 6-1
Annual U.S. Utility NOX Emissions Under Alternative NOX Policies (2000-2020)
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Attainment of the summer caps in the SIP Call (assuming that the approach suggested by EPA is
followed by the jurisdiction affected) would require the installation of costly SCR, SNCR, and
post-combustion technologies on existing fossil fuel units. These modifications would be
installed on about 130 GW of coal powered facilities under the Current Policy Direction.
Implementation of the NOX SIP Call would impose resource costs of about $14 billion (present
value). These costs include the costs of installing and operating the control technologies.

As noted in the chapter on productive use of energy assets, much of the NOX pollution control
equipment required by the SIP Call would no longer be utilized once the CO2 target in the
Current Policy Direction was implemented. This unproductive use of assets would be the result
of the uncoordinated timing of NOX and CO2 controls. Under the Current Policy Direction, NOX

reductions would be required five years earlier than the CO2 requirements.

6.2.2 Additional SO2 Reductions

Description of Alternative Policies

This section examines two policies regarding SO2 emissions:

•  50 percent reduction in SO2 emissions by 2007 (Current Policy); and

•  25 percent reduction in SO2 emissions by 2007.

The 50 percent reduction in SO2 emissions is included in the Current Policy Direction evaluated
in previous chapters. The 25 percent reduction policy represents a less stringent alternative to
this component of the Current Policy Direction.

The alternative SO2 policies are examined under two different assumptions about policies
affecting other air emissions:

1. CO2 targets under the Current Policy Direction (i.e., the Kyoto targets); and

2. No CO2 targets.

The different assumptions are examined to determine whether the CO2 target has a significant
effect on SO2 emissions and the costs of alternative SO2 policies. If the costs of additional SO2

reductions are affected by a CO2 target, the decision to pursue additional SO2 reductions should
depend on the CO2 policies that are pursued. As noted below, the calculations for the combined
SO2/CO2 policy assume that utilities and other sources have perfect foresight and select the
minimum cost means of achieving the combined targets. The cost estimates thus provide lower
bounds for the costs of the combined policy.

The 1990 Clean Air Act puts a cap on annual SO2 emissions that declines from about 11 million
tons in 2000 to 8.95 million tons by 2009. The two SO2 policy alternatives would achieve higher
reduction levels and accelerate implementation of the final target to 2007, rather than 2009.
Figure 6-2 shows the annual SO2 emissions under the two policies and the existing SO2

requirements, assuming no CO2 policy. Due to the banking of SO2 allowances, emission targets
under each scenario are achieved by the year 2010, several years after the 2007 target date.
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Figure 6-2
Annual SO2 Emissions Under Alternative SO2 Policies, Assuming No CO2 Target (1999-
2020)

Figure 6-3 shows utility SO2 emissions levels for the two alternative policies, assuming the
Kyoto CO2 target also is implemented. As the figure shows, implementing the CO2 target would
lead to substantial reductions in SO2 emissions. The 25 percent SO2 reduction case generates only
a small amount of additional emissions reduction compared to the Current Policy Direction. The
50 percent policy reduces SO2 emission by 1 million to almost 4 million additional tons annually
over the period 2006 to 2013. However, long-run SO2 emissions are similar regardless of the SO2

policy chosen under the Kyoto CO2 target.
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Figure 6-3
Annual SO2 Emissions Under Alternative SO2 Policies, Assuming Current Policy Direction
CO2 Target (1999-2020)

Economic Costs

To reduce SO2 emissions, utilities would either install pollution control equipment or shift
generation to lower emitting power sources. Both of these actions would result in economic costs
since pollution control equipment requires capital and operating expenditures and lower emitting
power sources are more costly to operate. As SO2 emissions targets are reduced, the costs would
increase as firms use increasingly costly alternatives to reduce emissions. The increase in costs
from more stringent SO2 reductions are reflected in higher SO2 allowance prices.

Figure 6-4 shows the price of SO2 allowances for each of the alternatives evaluated under the
assumption that there is no CO2 target. Prices under the existing SO2 requirements range from
around $150 to $325 per ton of SO2 over the period 2000 to 2020. Under a 50 percent emission
reduction target, allowances prices after 2006 would range from $940 per ton to more than $2000
per ton. These prices represent up to an eight-fold increase in prices compared to the existing SO2

requirements. A 25 percent emission reduction target would result in much smaller allowance
prices increases, with prices rising to over $1,100 per ton but quickly falling to a long-run value
of about $300 per ton.
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Figure 6-4
SO2 Allowance Prices Under Alternative SO2 Policies, Assuming No CO2 Policy (1999-2020)

If the Current Policy Direction were implemented, actions taken to reduce CO2 emissions would
reduce SO2 emissions below the required levels under the existing SO2 requirements. These
reductions would lower the cost of achieving alternative SO2 reduction targets. As Figure 6-5
shows, allowance prices for SO2 are much lower than in the case in which no CO2 target is set.
For all SO2 policies, prices fall to zero soon after the implementation of the CO2 target, indicating
that SO2 emissions targets are achieved as a result of actions taken to meet the CO2 targets. For
both the existing requirements and 25 percent SO2 reduction policy, allowance prices fall to zero
by 2008, the first year of the CO2 policy. For the 50 percent SO2 reduction (the Current Policy
Direction), allowance prices are comparable to the business-as-usual case for several years, and
then fall to zero by 2014.
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Figure 6-5
SO2 Allowance Prices Under Alternative SO2 Policies, Assuming the Current Policy
Direction CO2 Target (1999-2000)

Figure 6-6 shows the annual resource costs of the alternative SO2 policies when no CO2 target is
implemented.59 The costs of the 50 percent reduction would be substantial, target, as much as
$3.5 billion in some years. The policy that reduces SO2 emissions 25 percent has much lower
costs, less than $1 billion per year in all but two years. In these two years, however, costs rise
above $2 billion per year.

                                                          
59 Resource costs are the direct costs expended by utilities to install pollution control equipment, shift generation to
lower-emitting higher-cost facilities, or construct new generation facilities. They do not include the transitional costs
of macroeconomic adjustment to new price levels resulting from the implementation of the policy.
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Figure 6-6
Annual SO2 Resource Costs Under Alternative SO2 Policies, Assuming No CO2 Target
(1999-2020)

Figure 6-7 shows the annual resource costs for the alternative SO2 policies under the assumption
that the CO2 targets are implemented. The annual costs of the SO2 reductions are much lower
when the CO2 policy is implemented because much of the emissions reductions are achieved by
actions taken to reduce CO2. Resource costs for the 25 percent reduction only occur in 2007, and
fall to zero once the CO2 policy is implemented. Resource costs for the 50 percent reduction are
higher, rising above $700 million in 2008, the first year of the Kyoto targets. However, these
costs also fall to zero by 2014. These costs, however, assume that utilities and others have
perfect foresight and choose the cost-minimizing methods of achieving reductions in the
combined SO2 and CO2 targets. Costs would be greater for the combined policy if utilities or
others made investments to reduce SO2 emissions (e.g., scrubbers) that would prove to be
unnecessary under the Kyoto targets for CO2 emissions.
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Figure 6-7
Annual SO2 Resource Costs Under Alternative SO2 Policies, Assuming the Current Policy
Direction CO2 Target (1999-2020)

Figure 6-8 shows the present value of annual costs from 2000 to 2020.60 The 50 percent reduction
in SO2 emissions would involve costs of $13.3 billion when no CO2 policy is implemented. The
25 percent reduction in SO2 emissions has present value costs of $3.8 billion, significantly lower
than the costs of the 50 percent reduction.

When the CO2 policy is implemented, the costs of SO2 programs are reduced significantly. The
25 percent reduction policy leads to about $190 million in costs, while the 50 percent reduction
has overall SO2 reduction costs of $1.5 billion.

The variation in present value of costs across these alternatives reflects two effects: (1)
differences in allowance prices over time; and (2) differences in emission reductions.
Implementation of the CO2 policies results in collateral reductions in SO2 that decrease the
emission reductions utilities must make to meet SO2 targets. Figure 6-9 summarizes the SO2

emissions reductions undertaken for the different SO2 policies. The 50 percent policy reduces
more than three times as much SO2 emissions with no CO2 targets than with the CO2 targets in
place. For the 25 percent policy, the SO2 reductions with no CO2 policy are twenty times the
reductions with the CO2 policy implemented.

                                                          
60 These present values are based on a 7 percent interest rate.
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Figure 6-8
Present Value of Cost of Alternative SO2 Policies
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Figure 6-9
Emissions Reductions From Alternative SO2 Policies (2000-2020)
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6.3 Long-Term Carbon Emission Reduction Trajectories

This section examines policy alternatives to change the timing of the CO2 reductions under the
Current Policy Direction. The alternative policies differ from the Current Policy Direction by
phasing in the stringent Kyoto targets more gradually. These “Glide Path” policy alternatives
were analyzed in light of the possibility that they could reduce the costs and potential risks to the
energy system. As is shown below, they do reduce adverse short-term economic effects relative
to the Current Policy Direction to some degree. However, as has been described in previous
chapters of this report, even the longest Glide Path (extending the target to 2030) fails to
alleviate the problems of long-term transitions in the energy system that result from a lack of
synchrony between carbon reduction requirements and the development and deployment of
technologies capable of sustaining those reductions through 2050 and beyond.

Policy Descriptions

We consider three “Glide Path” policies reflecting increasingly more gradual implementation of
emissions restrictions. The final carbon emission targets are increasingly stringent as the
implementation period is extended in order to keep cumulative CO2 emissions constant over the
period 2000 to 2050. The specific options and targets are the following:

•  Carbon Glide Path to 2010 – A long run emissions target of 1,465 million metric tons is
achieved by 2010.

•  Carbon Glide Path to 2020 – A long run emissions target of 1,444 million metric tons is
achieved by 2020.

•  Carbon Glide Path to 2030 – A long run emissions target of 1,415 million metric tons is
achieved by 2030.

Figure 6-10 shows annual domestic CO2 emissions under each policy. (This analysis assumes
that for each Glide Path policy, the U.S. would purchase the same number of international CO2

allowances in each year to make up the difference between a phased-in emissions target and
domestic reductions. The annual quantity of allowances purchased differs, however, for each of
the Glide Path alternatives.) Domestic CO2 reductions would start in 2005 for each policy, as in
the Current Policy Direction, but reductions for the 2020 and 2030 Glide Path policies would be
more gradual than the proposed Kyoto reductions. The 2010 Glide Path policy is very similar to
the Current Policy Direction, which would achieve the Kyoto target over the 2008-2012 period.
(Under the Current Policy Direction, actions to reduce carbon emissions would have to begin
prior to 2008 in order to reach the Kyoto target over the 2008-2012 period without undue
inefficiencies.) In each case, the cumulative emissions over the period 2000 to 2050 would be the
same as the Current Policy Direction.



Assessment of Policy Alternatives

6-12

1,300

1,400

1,500

1,600

1,700

1,800

1,900

2,000

2,100

1999 20032007 20112015 20192023 20272031 20352039 2043 2047

Year

C
ar

bo
n 

E
m

is
si

on
s 

(M
M

T
)

BAU

Phase-In 2010

Phase-In 2020

Phase-In 2030

Source: NEMS modeling as explained in text.

Figure 6-10
Annual CO2 Emissions for Glide Path Policies (2000-2040)

Results

Energy Impacts

The longer Glide Path alternatives can reduce the impacts of the Current Policy Direction on the
energy sector. Phasing in emission reductions over a longer period can:

•  Reduce the premature retirement of equipment;

•  Reduce production bottlenecks, particularly for natural gas; and

•  Allow for a more orderly development and deployment of energy technologies.

The effect of the Glide Path policies on coal and natural gas use can be seen in Figures 11
through 13. Figure 6-11 shows coal production under the alternative Glide Path policies and
BAU. The 2010 Phase-in policy would reduce coal use by about 67 percent over the period from
2005 to 2020. Although each of the Phase-in policies would result in similar long-run reductions
in coal use, the rate of decline differs across the alternatives. While use would decline about 11
percent year in the first six years of the 2010 Glide Path, the annual decline would be only about
6 percent under the 2030 Glide Path. As noted in the Chapter on Technology Advances, this
difference could be even more significant than is immediately apparent, since maintaining coal
use in the near-term would provide incentives to develop advanced technologies for coal use
over the long term.
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Figure 6-11
Coal Production Under Glide Path Policies

Figure 6-12 shows the percent of electricity generated by coal. The decline in use of coal to
generate electricity would be similar to the decline in the overall use of coal. Less abrupt decline
in the use of coal under the 2030 Glide Path policy may avoid premature retirement of some coal
units and of recently installed NOX controls, as well as provide incentives for development of
advanced coal generating technologies.

The longer Glide Path policies would also alleviate potential production bottlenecks, particularly
for natural gas. Figure 6-13 shows the percentage of electric power generated by natural gas. The
2010 Glide Path policy would lead to significant increases in the use of natural gas to generate
electricity. The 2030 Glide Path dampens this growth in natural gas use, potentially reducing
bottlenecks in both natural gas production and in installation of new power plants. This delay
may also allow for technical advances achieved by learning-by-doing to be deployed in a larger
cohort of new gas facilities.
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Figure 6-12
Percent of Electricity Generated by Coal Under Glide Path Policies
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Figure 6-13
Percent of Electricity Generated by Natural Gas Under Glide Path Policies
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Slower phasing in of CO2 emission reductions also would reduce overall household energy
expenditures. Figure 6-14 shows percentage changes in household energy expenditures under the
alternative Glide Path policies. Phasing in Kyoto requirements by 2030 rather than 2010 would
substantially reduce the impact of emissions reductions on household energy expenditures. While
long-run increases would be similar, the change would be much more gradual with the 2030
Phase in, giving households more time to adjust.

In addition to reducing the impact on household energy expenditure, the 2030 Glide Path policy
would maintain a higher level of energy services for households. Figure 6-15, which graphs the
percentage change in the quantity of energy used by households, shows that the 2030 Glide Path
policy would result in a more gradual decline in energy use than the 2010 Glide Path policy. By
the year 2010, the 2010 Glide Path policy would result in an 11 percent drop in energy use, while
energy use would decline by only about 6 percent in the 2030 Phase in.
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Figure 6-14
Percent Change in Household Energy Expenditures Under Phase-In Policies
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Figure 6-15
Percent Change in Household Energy Consumption Under Glide Path Policies

Economic Costs

More gradual phasing in of emission reductions also would reduce the costs of meeting CO2

targets. A more gradual phase in would shift costs from earlier to later years. In addition, costs
would be reduced by avoiding premature retirement of generation units and pollution control
technologies, and by allowing for the more orderly deployment of advanced technologies.

Resource cost estimates are based on the costs of emissions reductions and the purchase of
international emissions allowances for CO2. Figure 6-16 shows the annual costs of the three
Glide Path alternatives. Figure 6-17 shows the price of these carbon emissions allowances for
each scenario over time. Results for the years 2000 to 2020 are taken from NEMS output.
Results beyond 2020 are based on results from the EPPA model.61

                                                          
61 The Emissions Prediction and Policy Analysis (EPPA) model is a computerized general-equilibrium model of the
global economy developed by researchers at MIT to examine the implications of caps on greenhouse gas emissions
for individual countries and regions. See Yang et al., 1996.
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Figure 6-16
Annual Costs of Glide Path Policies
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Figure 6-17
Carbon Allowance Prices Under Glide Path Scenarios
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Figure 6-18 shows the present values of annual costs from 1999 to 2050 for each alternative.
Costs are highest for the 2010 Glide Path policy, with a present value of $475 billion, of which
$297 billion is resource cost and $178 billion is purchases of international emission allowances.
The 2030 Glide Path policy would have the lowest costs at $419 billion, including $267 billion
in resource cost and $152 billion in purchases of international emission allowances. The 2030
Glide Path policy would reduce costs by $56 billion relative to the 2010 Glide Path, which
represents a 12 percent reduction.
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Figure 6-18
Costs of Glide Path Scenarios (Present Value)

6.4 Near-Term CO2 Decisions

The Kyoto Protocol represents a near-term commitment to stringent CO2 targets. There are
enormous uncertainties about the costs and benefits of these targets. Uncertainties over
technological change, economic growth, and damages are likely to persist for many decades.
However, one uncertainty that may be resolved more quickly is the type of international
emissions trading mechanism that will be put in place.

A full global trading program could significantly reduce the costs of achieving CO2 emissions
targets. The Administration, for example, has concluded that full international trading would
reduce allowance prices market up to 93 percent and domestic resource costs up to 87 percent
compared to case where all reductions are achieved domestically (U.S. Presidential
Administration 1998). Other studies have reached similar conclusions (Bernstein and
Montgomery 1995; Manne and Richels 1995). Put another way, if these mechanisms are not
implemented, the costs of achieving reductions would be dramatically higher. A failure to



Assessment of Policy Alternatives

6-19

implement these mechanisms may result from difficulties developing the international
institutions necessary to implement trading or explicit restrictions on the amount of reductions
that can be achieved through trading.

Given great dependence of policy costs on emissions trading outcomes, it may be prudent to
develop CO2 policy that is responsive to uncertainty over emissions trading. One approach to
address this uncertainty is to Glide Path domestic emissions reductions to allow greater
flexibility in responding to different outcomes of emissions trading. Thus, the U.S. can make
domestic emissions targets once the potential cost savings from international trading are better
known. This policy also has the advantage of minimizing near-term energy and economic costs
associated with emissions reductions.

Phasing-in domestic emissions may also allow more time for the international institutions
necessary for successful international trading to develop. Many observers have suggested that the
success of emissions trading will be much greater if a “broad, then deep” strategy is taken that
first integrates a wide base of nations into an emissions trading framework and then gradually
increases the stringency of emissions targets (Jacoby, Prinn, and Schmalensee 1998).

6.4.1 Descriptions of the Near-Term Scenarios

To assess whether the flexibility gained by phasing-in emissions targets is on balance beneficial,
two CO2 policies are evaluated in a two-step decision process.62 In the first step, the U.S. makes
an initial commitment to CO2 reductions while awaiting the development of a trading system.
The second step occurs after uncertainty about the success of emissions trading is resolved. At
this time, the U.S. decides its long-term CO2 target based on the type of emission trading
developed. The details of each decision is described in greater detail below.

Initial Policy Decisions (Year 1999 to 2010)

The U.S. develops a climate change policy that specifies initial domestic greenhouse gas targets.
Two options for near-term policy are examined:

1. Kyoto Policy – The initial U.S. policy is to achieve a domestic emissions target of 1990+9%
emissions by the year 2008, consistent with the expectation that there would be trading only
among Annex I (developed) countries.

2. Flexible Policy – The initial U.S. policy is to achieve a domestic emissions target of
1990+24% emissions by the year 2008, consistent with the expectation that there would be
international trading among all countries, developed and undeveloped.

Figures 6-19 and 6-20 show the differences in the emissions paths from these two policies. While
the Kyoto Policy pursues more significant near term reductions, the Flexible Policy pursues are
more cautious emissions policy given the wide range of possible outcomes of emissions trading.

                                                          
62 A number of other studies have similar decision processes to examine optimal policies for addressing greenhouse

gas emissions (Manne and Richels 1995; Valverde, Jacoby and Kaufman 1998).
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Long-Term Policy Decisions (Year 2011 to 2020)

The analysis assumes that in 2010 uncertainty over the type of international trading would be
resolved. Three potential trading outcomes are considered:

•  Full international trading. Full trading would enable the U.S. to meet the Kyoto target by
reducing domestic emissions target of 24 percent above 1990 emissions; the remainder would
be made up by purchasing allowances in international markets.

•  Annex I trading. This program would mean a U.S. domestic emissions target of 9 percent
above 1990 emissions, with the remainder of the Kyoto target made up by purchasing
allowances from other Annex I countries.

•  No trading. This would mean a U.S. emissions target if it continues to pursue the Kyoto
targets would be 3 percent below 1990 emissions, equal to the Kyoto target.

At this point the U.S. would choose its long-term domestic policy based on an assessment of
costs and international commitments. When some level of international trading occurs, the U.S.
will achieve domestic reductions and purchase international GHG permits necessary to meet the
Kyoto targets. These targets are chosen to insure that cumulative emissions over the period 2010
to 2040 are equivalent to the Kyoto targets regardless of the near-term policy chosen. Thus, if
Annex I trading is developed, the U.S. will reduce domestic emissions to 1990+9% levels and
meet the 1990-3% target through the purchase of international emissions permits. If however,
full international trading is developed, these international permits would be less expensive and
the U.S. would purchase more permits and reduce domestic emissions to the 1990-24% level.
However, if no international trading program is developed, it is unclear whether the U.S. would
continue to pursue reductions necessary to achieve the Kyoto targets given the potentially
prohibitive costs of achieving the targets through only domestic reductions. Due to the large
uncertainty in the U.S. policy under these circumstances, no long-term GHG policy is evaluated.

The following are the specific assumptions for both the Flexible and Kyoto Policies:

•  Kyoto Policy

– Initial Policy Decision – Domestic target of 1990+9% achieved by 2008.

– Long-term Policy Decision – With full international trading, the U.S. would reduce
domestic emissions to 1990+24% emission levels and purchase enough international
emission permits to achieve the 1990-3% target. With Annex I trading, the U.S.
domestic reduction target would be 1990+9% and international emissions permit
purchases would be sufficient to achieve the 1990-3% target. No policy is evaluated
in the event that no trading program is developed. (Consequently, reported results
reflect only the effects of emission reductions over the period 2005 to 2010.)

•  Flexible Policy

– Initial Policy Decision – Domestic target of 1990+24% achieved by 2008.

– Long-term Policy Decision – With full international trading, the U.S. would reduce
domestic emissions to 1990+24% emission levels and purchase enough international
emission permits to achieve the 1990-3% target. Note that the U.S. would have to
purchase additional international emissions permits compared to the Kyoto Policy in
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order to achieve the same cumulative emissions as this policy. With Annex I trading,
U.S. domestic reductions would achieve a 1990+9% emission level and international
emissions permit purchases would be sufficient to achieve the 1990-3% target. No
policy is evaluated in the event that no trading program is developed.

The resulting emissions paths for the two policy alternatives are represented in Figures 6-19 and
6-20. These emissions paths show the annual domestic emissions targets for each level of
emissions trading over the period 2000 to 2020.
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Figure 6-19
U.S. Domestic CO2 Emissions Paths for Kyoto Policy
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Figure 6-20
U.S. Domestic CO2 Emission Paths for Flexible Policy

6.4.2 Results

Policy makers face significant uncertainties about future conditions affecting the costs and
benefits of the policies being designed. Faced with such uncertainties, policy makers would
prefer to design policies that are robust to different outcome of uncertainty. That is, the preferred
policy should produce greater or equal net benefits (i.e., benefits minus costs) than alternatives
under the different possible outcomes of uncertainty.

This section evaluates the two near-term CO2 policies outlined above to determine whether a
preferred policy exists. The costs and benefits of the policies will vary depending on whether
there is full international trading, Annex 1 trading, or no trading. To find a preferred policy, the
net benefits of the two policy alternatives are compared for each level of emissions trading.
Comparisons between policies are made on basis of total cost, which includes resource cost (i.e.,
the direct cost to energy producers and users of reducing emissions) and the cost of international
emissions allowances. While total cost may not factor in some of the potential strains on the
energy system identified in earlier chapters, it is the most complete measure of the net benefits of
particular policies available. To insure that preferred policies also minimize potential risks that
are not monetized, these issues are examined independently after the assessment of resource
costs.

Comparisons between the Kyoto and Flexible Policy are made in the diagrams presented in
Figures 6-21 and 6-22. These diagrams allow an easy comparison of the present value of annual
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costs (from 2000 to 2020) for each near-term policy alternative at different levels of emissions
trading. The present value is calculated by discounting future costs by 7 percent annually. The
results in Figure 6-21 assumes implementation of SO2 and NOX targets consistent with the
existing requirements, while Figure 6-22 assumes an SO2 policy that would require an additional
50 percent reduction in SO2.

Comparison Between Kyoto and Flexible Policy With Existing SO2 Requirements

Figure 6-21 compares the Kyoto and Flexible Policies with the existing SO2 requirements. The
top branch shows the costs of the Kyoto Policy, with the second set of sub-branches representing
the outcomes under the different trading programs. The bottom branch shows the costs of the
Flexible Policy alternative for different trading programs.
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Figure 6-21
Comparisons of Flexible and Kyoto Policies With No Additional SO2 Reductions

Comparing the outcomes with either Annex 1 or full international trading shows that the Flexible
Policy would be preferred to the Kyoto Policy if either of the two trading options were
developed. Under Annex 1 trading, the Flexible Policy would have costs of $211 billion
compared $213 billion for the Kyoto Policy, a difference of $2 billion. With full international
trading, the Flexible Policy has costs of $137 billion compared to $150 billion for the Policy, a
difference of $13 billion. These comparisons show that the Flexible Policy would be preferred to
the Kyoto Policy in the event that some level of emissions trading occurs.
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Comparisons between these trading outcomes also shows the benefits of achieving full
international trading. Were the Kyoto Policy utilized, implementation of full international trading
would reduce costs by about $63 billion compared to Annex 1 trading. For the Flexible Policy,
the incremental reduction in costs would be $74 billion. These benefits arise from both reduced
resource costs, since fewer reductions must be made domestically, and lower carbon permit
import costs, since reductions in allowance prices more than offset the additional permits
purchased. Most of these reduced costs arise from reductions in resource costs, which would fall
40 percent were the Kyoto Policy implemented and 54 percent were the Flexible Policy
implemented.

In the case of no international trading regime, the long-term U.S. policy response is not
evaluated. Consequently, the outcome in this case cannot be readily compared to the outcomes
when trading occurs. Over the period 2005 to 2010, the resource cost of the Kyoto and Flexible
Policies are relatively limited. The Kyoto Policy would result in domestic resource costs of $32
billion, compared to costs of only $1 billion under the Flexible Policy. The two polices differ,
however, in the cumulative CO2 emissions. The value “Y” in Figure 6-21 refers to the added
environmental cost of the greater CO2 emissions from the Flexible Policy relative to achievement
of the Kyoto targets. Similarly, the value “X” refers to the added environmental cost of any CO2

emissions that might occur if the Kyoto targets are not achieved. These two values differ since
emissions over the period 2000 to 2010 differ between the two policies. This difference in
emissions means it is not possible to identify whether the Kyoto or Flexible Policy is a purely
preferred policy.

The Flexible and Kyoto Policy alternatives trade off two different kinds of costs under the
trading cases. The Flexible Policy alternative would have lower resource costs because less
drastic emissions reductions would be required over the period 1999 to 2010. The Kyoto Policy
has lower CO2 allowance purchase costs since there are fewer “make up” emissions from the
higher emissions over the period 1999 to 2010 and lower CO2 permit prices.

The Flexible Policy also would reduce cost by delaying domestic emissions reductions until the
level of emissions trading program is known. At this point, domestic policy could be
implemented to achieve required domestic reductions and international allowance purchases
without making unnecessary emissions reductions before 2010. In contrast, domestic emissions
reductions would be excessive under the Kyoto Policy before 2010 if full international emissions
trading were adopted. Domestic emissions would rise from 9 percent above 1990 emissions over
the period 2005 to 2010 to 24 percent above 1990 emissions for the period beyond 2010.

Comparison Between Kyoto and Flexible Policy With Additional SO2 Reductions

Figure 6-22 compares the Kyoto and Flexible Policies when an additional 50 percent reduction in
SO2 emissions is assumed. The conclusions are the same as those when no additional SO2

reductions were assumed. As before, the Flexible Policy would be preferred to the Kyoto Policy
if either Annex 1 or full international trading were developed. Under Annex 1 trading, the
Flexible Policy would have costs of $207 billion compared $213 billion for the Kyoto Policy, a
difference of $6 billion. With full international trading, the Flexible Policy have costs of $134
billion compared to $148 billion for the Policy, a difference of $14 billion.
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Figure 6-22
Comparisons of Flexible and Kyoto Policies With Additional 50 percent SO2 Reductions

In the case of no international trading regime, it is again difficult to compare the Flexible and
Kyoto Policy. Over the period 2005 to 2010, the Kyoto Policy has costs of $2 billion compared
to the Flexible Policy with costs of $33 billion, a difference of $31 billion. Because of the
difference in environmental impacts, however, it is not possible to identify a purely preferred
policy among the two alternatives.

The results indicate that phasing-in emissions reductions would reduce the costs of achieving
CO2 emissions reductions. The reductions in costs would occur regardless of the level of
international emissions trading, making this policy preferred regardless of the outcome of efforts
to develop institutions and programs to trade emission allowances internationally.

Energy Sector Impacts of Near-Term CO2 Policy Alternatives

The previous sections examined the costs of the alternative policies to determine which policies
were preferred. This section examines the implications of the Flexible Policy for the U.S. energy
system to insure that the conclusions developed in the previous section also hold for components
of the energy system. The Glide Path of emissions reduction would provide protection for the
U.S. energy system by alleviating the drastic shifts in the energy sector that would pose potential
production bottlenecks, require premature retirement of power generation and pollution control
equipment, and require too quick and concentrated deployment of new technologies.
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Figure 6-23
Percent of Electricity Generated by Coal Under Kyoto Policy and Flexible Policy CO2

Reduction Scenarios

Figure 6-23 shows the percentage of electricity generated by coal for the different domestic
outcomes. The figure shows that full international emissions trading would greatly slow the
decline in coal usage. Coal would be used to generate over 15 percent of electricity when full
international trading occurs, while the percentage falls below 10 percent under Annex I trading.

The Flexible policy would provide a smoother transition to the long-term level of coal use. As
shown Figure 6-23, the level of coal use under the Kyoto Policy would rise from under
25 percent to over 30 percent in 2011 if full international emissions trading were developed in
2008. Early reductions may lead to premature retirement of coal facilities. In contrast, the
Flexible policy would smoothly adjust to the possibility of full international emissions trading.

Figure 6-24 shows the percentage of electricity generated by natural gas for different domestic
outcomes. The figure shows how the implementation of the Flexible Policy would smooth the
transition to natural gas necessary to achieve reductions in CO2 emissions. Though growth in
natural gas demand continues under either the Flexible or Kyoto Policy alternative, the Flexible
Policy dampens this growth somewhat over the period 2006 to 2010. A small decline in growth,
however, may substantially reduce the potential for severe bottlenecks in the natural gas
distribution system that may occur under drastic growth of natural demand.
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Impacts on the energy sector would be reflected in the expenditures households make for energy
services. Figure 6-25 shows the change in household energy expenditures relative to the BAU
case. The figure shows that the Flexible Policy would avoid the large near-term increases in
energy expenditures that would occur under the Kyoto Policy. Over the period 2007 to 2010,
energy expenditures would rise 25 percent under the Kyoto Policy. In contrast, expenditures
would rise 8 percent in the Flexible Policy. The long-run impacts on households, however,
would not differ greatly. In both cases, long-run increases in energy expenditures would be about
21 percent under Annex I trading and 14 percent under full international trading.
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Figure 6-24
Percent of Electricity Generated by Natural Gas Under Kyoto Policy and Flexible Policy
CO2 Reduction Scenarios
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Figure 6-25
Change in Household Energy Expenditures Under Kyoto Policy and Kyoto Glide Path
Domestic CO2 Reduction Scenarios

Conclusions on Near-Term CO2 Policy Options

This section indicates the potential gains from maintaining flexibility in near-term CO2 policy. A
strategy was evaluated that gradually phases in emissions reductions until more is known about
other opportunities to achieve emissions targets. Using this strategy can result in cost savings of
up to $14 billion. This policy also would reduce many potential adverse impacts on the U.S.
energy system, such as unproductive use of energy assets, lack of diversity in the energy mix,
and too-rapid transition to new generation sources.

6.5 Summary

This chapter examines alternatives to the Current Policy Direction. Alternative policies for NOX

and SO2 could reduce the costs of the Current Policy Direction and also reduce the near-term
pressures on the energy system. Several conclusions with regard to SO2 policy can be made:

1. More modest SO2 reduction targets can substantially reduce costs. The cost of a 25 percent
additional reduction in SO2 beyond existing SO2 requirements would be substantially less
than the costs of a 50 percent additional reduction.
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2. The cost of additional SO2 reductions depends significantly on the CO2 policy implemented.
Implementation of a CO2 policy results in substantial reductions of SO2, leading to significant
reductions in the costs of achieving either a 25 or 50 percent additional reduction in SO2.

Policy alternatives for CO2 have much more substantial effects than the NOX and SO2

alternatives. Policy alternatives for CO2 include both changes in long-term emission trajectories
and near-term flexibility. The results of the analyses for alternative CO2 policy can be
summarized as follows:

1. A longer phase-in period for carbon emission reductions, as reflected in the 2020 and 2030
Glide Path cases, reduces long-run costs and energy impacts. More gradual implementation
of CO2 emissions reductions reduces the economic costs and impacts on the energy system of
achieving long-term CO2 goals. However, even the longest Glide Path fails to alleviate the
problems of long-term transitions in the energy system that result from a lack of synchrony
between carbon reduction requirements and the development and deployment of technologies
capable of sustaining those reductions through 2050 and beyond.

2. Costs and impacts on the energy sector of achieving the Kyoto targets depend a great deal on
the nature of the international trading program that is put in place. Impacts are much smaller
with a full global international emissions trading program in place than they are with no
trading or a limited Annex I program. Instituting a flexible policy that provides opportunities
to make adjustments in domestic carbon reductions as international trading programs are
developed could provide significant advantages compared to a policy that commits the U.S.
to deep domestic reductions before the extent to which carbon credits can be obtained in
international markets becomes clear.
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7 
CONCLUSIONS

The results of this study indicate that the Administration’s “Current Policy Direction” for
emission reduction requirements to meet air quality and climate change objectives would have
wide-ranging adverse effects on the U.S. energy sector and economy between 2000 and 2050.
The Current Policy Direction also has the potential to effectively dictate national energy
policy—impairing the ability to ensure sustainability and maintain diversity of energy sources.

This study also examined an alternate version of the Current Policy Direction that reduces carbon
emissions more gradually, while maintaining long-term cumulative reductions. This alternative
would delay or reduce some of the adverse effects of the Current Policy Direction, but only to a
limited extent. Results of the study lead to the conclusion that synchronizing carbon reductions
with technological advances is key to enabling deep reductions in emissions while maintaining a
sustainable U.S. energy system and minimizing adverse economic impacts.

7.1 Projected Effects of the Current Policy Direction

This study projects that the Current Policy Direction will result in a range of adverse effects,
including inefficient shifts in fuel use, unproductive use of energy assets, and negative impacts
on the U.S. economy.

7.1.1 Costly Shifts in Fuel Use

The Current Policy Direction would force emission reductions to be made before significant
technology advances can be developed. Deep emission reductions between now and 2020 would
have to be based upon existing technologies or foreseeable improvements to them.
Implementation of carbon emission limits from 2008 to 2012 would lead to massive shifts in the
U.S. energy market, especially in the electricity generation sector during the next ten years.
Reductions would be achieved by retiring coal plants and rapidly building a large new fleet of
natural gas-fired electric generating plants from 2004 to 2015. The proportion of electricity
generation from gas would increase from today’s level of 15% to 60% by 2020. Meanwhile, the
proportion of coal-fired generation would decrease during this period from over 50% to less than
10%, shifting the nation’s fuel dependence from coal to natural gas. Constructing a new gas-fired
generation fleet would effectively “lock in” currently available electric generation technology
and delay deployment of renewable and other technologies that are not yet commercially
competitive with natural gas.
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7.1.2 Unsustainable Increase in Natural Gas Usage

Natural gas use for electric generation is already expected to double by 2010. Supplying more
natural gas to meet 2008 carbon reduction mandates would triple gas demand and require even
more rapid expansion of infrastructure, including gas wells and pipelines. While this expansion
might be feasible, it would place great strains on resources and could be jeopardized by events
that disrupt any aspects of infrastructure expansion. The resulting high rate of natural gas
consumption in the U.S. energy system would not be sustainable for the long term. Increased
demand and carbon taxation could raise gas prices by two-thirds between 2000 and 2020.
Ongoing price increases will make gas less attractive for electricity generation after about 2025,
inducing a second shift in the energy market. Depending on the rates at which gas is consumed
and recoverable gas resources increase, U.S. gas supplies could become constrained by as early
as 2025 unless the moratorium on offshore drilling is lifted. Only under optimistic assumptions,
including an expansion of the total U.S. resource base by one percent per year, would domestic
gas supplies not become constrained before 2050.

7.1.3 Subsequent Inefficient Shift in Energy Use

Significant technological advances will be needed to make the shift from natural gas toward
renewable energy sources or revamped coal usage in order to meet carbon reduction
requirements and maintain U.S. economic prosperity. While alternative energy sources (e.g.,
wind, biomass, and hydro) could play an important role, they cannot be expected to supply more
than about 25% of U.S. electricity by 2050. Development of technologies to capture and
sequester carbon emissions could allow renewed use of coal for electric generation. However,
these technologies are not expected to become cost-effective before 2020. Because coal use
would decline steeply in the interim, today’s coal supply infrastructure would be largely
dismantled by then. Although domestic coal resources are sufficient to meet U.S. demands for
200 years or more, resurrecting the coal industry would be difficult and costly if it declines to the
level anticipated under the Current Policy Direction. A new generation of nuclear power plants
might also help meet U.S. energy needs after 2030 as gas usage declines. However, this would
require both technological advances and renewed public acceptance of nuclear power.

7.1.4 Unproductive Use of U.S. Energy Assets

Under the Current Policy Direction, over 60% (nearly 200 gigawatts) of existing coal-fired
electric generating capacity would be retired by 2020, most of it after 2010. As a result, much of
the emission control equipment installed on coal-fired power plants by 2003 to meet regulatory
limits on NOx emissions will quickly become “stranded” or unnecessary when those plants are
retired. The new gas generating capacity that would be built to replace existing coal plants in the
next fifteen years would also become unproductive before the end of its useful life as gas prices
rise and new technologies are developed.

7.1.5 Adverse Effects on the U.S. Economy

As limits on carbon emissions go into effect in about 2008, energy prices will rise and the growth
of the U.S. economy will slow. The cost of electricity will grow 50% by 2020, and average
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annual household energy expenditures (excluding transportation) will increase by over 20%
(about $300), even though energy use will decline by 15%. The pressure felt by the energy
industry will produce a ripple effect in the general market, which will boost inflation. Between
2008 and 2020, the average annual increase in consumer prices attributable to the Current Policy
Direction will be about 2%.

7.2 Alternate Policy: Better, but Not a Solution

Under the Current Policy Direction, SO2 reductions are made in two phases. The first begins in
2000, and the second takes effect in 2007. Also, to meet the 2008-2012 carbon emission target,
reductions are begun by 2005. This study analyzed an alternative policy, referred to as the
Carbon Glide Path to 2030, that differs from the Current Policy Direction in two respects: (1) the
SO2 reductions planned to begin in 2007 were omitted, and (2) carbon reductions were initiated
in 2005, but the final carbon emission target was gradually reached by 2030. In this alternate
policy, the final target for carbon emissions is lower than in the Current Policy Direction, so that
cumulative emissions between 1999 and 2050 are equal. Hence, this example of an alternate
policy represents a decrease in the rate at which carbon emissions are reduced, but not a decrease
in the depth of the total reductions or a delay in the starting point for reductions.

This alternative policy was devised with the expectation that it would enable emission reduction
requirements to be met through changes in the energy system that would be better coordinated
with the pace of technological developments. While this expectation was born out to some
extent, the alternative nonetheless poses many of the same drawbacks and potential stresses on
the energy system as those of the Current Policy Direction. Under either policy, for example,
coal use and the coal supply infrastructure would be reduced drastically before new, low-
emitting technologies for coal electricity generation are developed and deployed. Similarly, both
policies would lead to increased use of natural gas for generation before new cost-competitive
renewable or carbon capture technologies are developed. Further, existing and new energy assets
would not be used productively under either policy. In addition, the alternate policy’s moderate
phase-in of carbon reductions would reduce, but not eliminate, economic effects between 2010
and 2020.

7.3 Need to Consider New Alternative Policies

In light of the fact that the alternative policies considered for this study do not provide a fully
satisfactory solution to the problems that wold occur under the Current Policy Direction, it is
necessary to devise and evaluate additional alternatives. Results of this study suggest two
primary directions for alternative policies; successful policy development will probably require
pursuit of both.

The first direction is a delay in part of the carbon emission reduction requirements. The Glide
Path policies considered already begin carbon reductions at essentially the same time as the
Current Policy Direction, and they reduce emissions in a linear fashion from that beginning
point. Either of these characteristics could be altered. Carbon reductions could be begun at a later
date, or they could be begun at the same time but follow an accelerating path rather than a linear
path, with the initial rate of reductions being somewhat lower.
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The second direction that alternative policies could take is to accelerate technology development.
While it is very unlikely that technology development could be sufficiently accelerated to
eliminate the adverse effects of the Current Policy Direction, an aggressive R&D program could
probably make it feasible to achieve a significant reduction in carbon emissions in the near term
while providing the means to make deeper reduction in the future using new technology that
would reduce adverse effects to an acceptable level. The EPRI Electricity Technology Roadmap
project, which has been undertaken concurrently with the E-EPIC study, provides a wealth of
detailed information regarding possibilities for future technology developments.63

                                                          
63 EPRI, 1999. Electricity Technology Roadmap: Power Progress. 1999 Summary and Synthesis. CI-112677-VI.
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A 
BIOMASS AVAILABILITY

A.1 Availability of Biomass Byproducts

Three broad categories of biomass byproducts may be used for power generation. Urban wood
waste, crop residues and forest residues (including mill residue). Estimates of these resources
and the cost of producing them vary considerably due to different methodologies, data sources
and assumptions.

A.1.1 Urban Wood Wastes

A thorough examination of urban wood waste availability was a 1998 study for the National
Renewable Energy Laboratory.64 This study consisted of a detailed survey of 30 metropolitan
areas, extrapolated to the entire urban United States. It found an average of 0.333 tons per year
per person of resource generated much of it at delivered costs below zero due to tipping fees.
Variations in tipping fees are the major cause of differences in delivered costs. The total resource
was estimated at about 64 million tons per year. Another detailed estimate65 puts the total
resource at about 31 million tons per year, mostly at a cost under $1.00 per million Btu. These
estimates correspond to approximately 77 million tons per year on the NEMS supply curve.

A.1.2 Crop Residues

The supply of crop residue depends on the production of each crop, the amount of residue per ton
of crop production, the fraction that is left in the field, and the cost of gathering, and processing
the residue and transporting it to the power plant. Due to the large amounts of corn and wheat
produced annually in the United States (262 and 76 tons in 1997—238 and 69 million tonnes,
respectively),66 the greatest potential is for corn stover and wheat straw. Corn and wheat yield
about 0.6 tons and 1.0 tons of residue for each ton of crop produced, respectively, but some of
this is left in the field.

                                                          
64 G. Wiltsee, Appel Consultants, Inc., “Urban Wood Waste Resource Assessment”, Report to the National
Renewable Energy Laboratory, NREL/SR-580-25918, November 1998.

65 Antares Group, Inc., “Biomass Residue Supply Curves for the United States,” prepared for the U.S. Department of
Energy Biomass Power Program and the National Renewable Energy Laboratory (NREL), undated.

66 U.S. Department of Agriculture, National Agricultural Statistics Service.
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Oak Ridge Laboratory’s Biomass Resource Assessment Program estimates the amount of crop
residue available. The program’s most recent estimate is that about 143 million tons of
agricultural residues, (85 percent of it corn stover) are available at under $50 per ton (1998
dollars).67 This corresponds to the NEMS Biomass supply curves, which contain 59 million tons
(54 million tonnes).

A.1.3 Forest Residues

These are byproducts of forestry-related activities such as logging and land clearing for
commercial development. Mill residues are already widely used in the forestry industry, both as
fuel and for other uses. About 5 GW is already generated using mill residues. A recent study68

estimated that about 72 million wet tons per year available from silviculture and forest residues.
In another recent study, the Oak Ridge National Laboratory estimated that about 38 million tons
per year were available under $50/ton.69 Another study70 estimated 131 dry tons per year of
logging residues. By contrast, total forest residue resources are much higher on the NEMS
supply curve; a total of 409 million dry tons per year, most of it at a higher price (about
$104/ton--$94/tonne--in 1998 dollars).

A.2 Availability of Biomass Crops

Biomass crops would be grown by the agricultural or forest products industries when they earn a
higher return per acre by producing these crops rather than their traditional food, feed, and fiber
crops. Virtually no biomass crops are grown today because these industries can earn higher
returns by growing other crops. No market yet exists for biomass crops grown in whole or in part
for fuel value—no customers will pay high enough prices to justify their production. Once
biomass crops become commercial, the amount of land devoted to biomass will depend on the
relative prices of those crops compared to food, feed and fiber crop prices. Moreover, the
demand for biomass crops will be determined in the energy sector and may include biomass used
for transportation fuel (i.e., ethanol production).

The economic relationships between energy and non-energy crop prices are not yet well
understood. As described below, modeling of the impact of biomass production on agricultural
crop prices is in its early stages. Current analyses linking agricultural prices to energy markets
(such as the biomass supply curves used in the NEMS model) are preliminary results that will
evolve with further analysis.

                                                          
67 Walsh, Marie, “Biomass Resources in the U.S.—Potential Quantities and Prices,” presentation at the Energy
Information Administration NEMS Workshop, March 22, 1999.

68 Antares Group, Inc., op. cit.

69 Walsh, Marie, op. cit.

70 EPRI, “Thermal Drying of Wet Fuels: Opportunities and Technology,” TR-107109, December 1996.
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Several attempts have been made to develop biomass crop surplus curves. A recent analysis
compared several biomass supply curves.71 It found that these differ significantly in estimated
prices for a given quantity of feedstock. This is illustrated in Table A-1. Four supply curve
estimates are compared in this table:

•  OSTP – A model developed by the Office of Science and Technology Policy

•  ORNL Moderate – Oak Ridge National Laboratory model – moderate technology assumption

•  ORNL Optimistic – Oak Ridge National Laboratory model – optimistic technology
assumption

•  FASOM – Forest and Agricultural Section Agricultural Model

It shows the price on each supply curve at the same specified level of production. As can be seen
these prices differ by a factor of nearly two because of different assumptions and methodology

Table  A-1
Comparison of Supply Curve Estimates - $/Day Mg ($d+)

Year
Biomass Quantity
106 Mg (106 tons) OSTPa,b,c,d

ORNL—
Moderatea,b,c,d

ORNL—
Optimistica,b,c,d FASOMb.c.d

2000 2.75 (2.5) 23 (21) 33 (30) 32 (29) 61 (55)

2010 55 (50) 26 (24) 42 (38) 34 (31) (54) 49

2020 110 (100) 29 (26) 46 (42) 33 (30) 55 (50)

Source: See Marie Walsh, “U.S. Bioenergy Crop Economic Analysis: Status and Needs,” Biomass and
Bioenergy, Vol. 14, No. 4, pp. 341-350, 1998.

The Oak Ridge National Laboratory has developed a county-level database of land suitable for
biomass production.72 Estimates of available biomass crop production, including those for the
NEMS model use this database as a starting point.

The fundamental problem with the supply curve approach is that it misses the market
relationships between energy and agricultural activities. The land suitable for biomass in the Oak
Ridge database is now virtually all dedicated to other purposes. Analysts such as the developers
of the NEMS model must resort to guessing what portion would be dedicated to biomass
production. Such guesses are largely arbitrary. Moreover, the guesses made for the NEMS
supply curve tend to be at the high end of the assumed feasible range and may therefore overstate
the amount of land likely to be available for biomass production. NEMS, for example, assumes
                                                          
71 See Marie Walsh, “U.S. Bioenergy Crop Economic Analysis: Status and Needs,” Biomass and Bioenergy, Vol. 14,
No. 4, pp. 341-350, 1998.

72 R.L. Graham, et al, “The Oak Ridge Energy Crop Level Data Base,” December 20, 1996 version at
http://www.esd.ornl.gov/bfdp/orecc/database.html.
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that all 35 million acres (11 million hectares) of the Conservation Reserve Program (CRP) lands 
are available for biomass production while current estimates are that only about 25 percent of 
CRP (8-9 million acres about 3 million hectares) may actually be available.73 (The CRP is 
described in more detail later.) 

A.2.1 Competition With Food and Fiber Crops 

Biomass energy crops require the use of productive agricultural lands, lands that may currently 
be utilized for other purposes.  The amount of land required depends on several variable 
including the crop yield, heat content of the biomass fuel and the efficiency of the power plant.  
As a rough rule of thumb, about 1000 acres are needed per MW of new biomass generation 
capacity (404 hectares/Mw) at current levels of biomass yield.  Hence, 65,000 Mw required 
under the Current Policy Direction would require roughly 65 million acres (26 million hectares) 
of cropland if all were to come from biomass crops.  

One significant consideration with crops is that, even should bioenergy crops become 
commercial, higher-value uses for the wood may limit their use for biomass, driving the price 
still higher.  As an example, the forestry industry has planted about one hundred thousand acres 
of short rotation (7-10 year) woody crops on tree plantations, but this is for use as pulp, a higher-
value product than fuel. 

Table A-2 presents an overview of some key measures of rural land use in the United States. 
There are three broad classifications of agricultural lands: cropland, pasture land and CRP lands.  
Crops lands tend to be the most favorable for growing crops—including energy crops—because 
they have better soil, water and weather conditions for growth.  Yields of biomass crops would 
then tend to be better on such lands.  On the other hand, they are worth more for other crops.  
Use of CRP lands is discussed below. 

 

                                                           

73 Similarly, the assumptions for the share of crop and product land in NEMS are 20 and 10 percent respectively 
when the ranges produced by expert opinion are 10-20 percent and 5-10 percent respectively. 
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Table  A-2
United States Land Use: Some Key Measures

Category Million Acres Million Hectares

Lower-48 Surface Area 1,934 783

Federal and Urban Land 549 222

Rural, Nonfederal Land 1,385 561

Cropland 382 152

Pastureland 125 51

Rangeland 398 161

Forest 393 159

Minor Cover and Use 88 36

Source: U.S. Department of Agriculture, Summary Report, 1992 National Resources Inventory.

As use of productive land switches from food and fiber crops to biomass, the prices of the food
and fiber crops may rise. This may be a significant indirect cost of biomass energy crop
production.

The ability to produce biomass crops varies with the type of land. The impact on food and fiber
prices depends on how much land of each type is used for energy crops. No comprehensive
assessment has as yet been made of this issue. Preliminary modeling assessments have been
performed by Oak Ridge National Laboratory.75 This assessment adapted an agricultural crop
model, POLYSIS, to energy crops to estimate the potential impact of energy crops on production
and price of other crops at varying levels of energy crop prices. The analysis so shows significant
impacts at different assumed levels of biomass crop prices, as shown in Table A-3. In this
scenario, biomass prices are assumed to be $50/dry ton. A total of 17.6 million acres (5.7 million
hectares) of cropland are devoted to biomass production (mostly switchgrass). This is about 5
percent of U.S. cropland. Prices of other crops rise between 1.5 and 24 percent, depending on the
crop.

                                                          
75 Walsh, M. et al., “Economic Analysis of Energy Crop Production in the U.S.-Location Quantities, Price and
Impacts on Traditional Agricultural Crops,” 1998
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Table  A-3
Impacts Biomass Production on Agricultural Prices

Land Use

Crop 106 Acres 106 Hectares
Prices

(Percent Change)

Corn -1.81 -0.733 +9.8

Sorghum -0.56 -0.227 +12.1

Oats -0.80 -0.324 +24.3

Barley -0.40 -1.620 +10.7

Wheat -4.60 -1.862 +10.3

Soybeans -2.00 -0.810 +5.5

Cotton -0.67 -0.271 +1.5

Rice -0.70 -0.028 +4.2

Switchgrass +17.34 +7.01 ----

Poplar +0.08 +0.032 ----

Willow +0.19 0.077 ----

Source: Mary Walsh, et. al., “Economic Analysis of Energy Crop Production in the
U.S.—Location Quantities, Price and Impacts on Traditional Agricultural Crops,” 1998.

Another recent study for the U.S. Department of Agriculture76 found that a $1-4 billion demand
for biomass crops (using roughly 5 to 20 million acres, 3 to 6 million hectares) would result in a
2 to 12 percent impact on farm sector prices if idle lands (such as those in the Conservation
Reserve Program—discussed below) are not available. This study used a different agricultural
model and assumed that 85 percent of the biomass came from land on which hay for livestock
feed was formerly produced.

These results are all very preliminary, and they do not relate demand in the energy markets with
supplies in the agricultural markets. Further methodology development and analysis are required
to estimate the impacts of biomass on agricultural prices with confidence.

                                                          
76 Ranses A., Hanson K., and Shapouri H., “Economic Impacts from Shifting Cropland Use from Food to Fuel,”
September 1997.
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A.2.2 The Importance of Yield

Although the situation varies with each type of biomass crop, the most determinant of costs is
biomass crop yield (i.e., the number of dry tons of biomass produced in a year per acre or
hectare). The yield determines how much land is required, production costs per acre or ton, as
well as harvest and transport cost. Higher yields mean less land is required, more crops can be
harvested with less effort per acre and distances of transportation can be shorter.

Currently, commercial experience producing biomass crops is very limited. Future yield
estimates are based on 15 to 20 years of limited and mostly experimental agricultural experience.
By contrast, growers have had hundreds or even thousands of years of experience with which to
increase most food crop yields.

Progress to improve yields is probable but uncertain. Much is as yet unknown about the best
agricultural practices for growing and harvesting these crops.77 Further, compared to major
agricultural crops such as rice, corn or wheat, very little has been done to breed the best traits
into energy crops. Yet, in the past 15 years, the yields of the best stock has gone from about 4
dry tons per acre year to 16 dry tons per acre year. With more research and experience, it is
likely that yields could improve substantially, but the true potential is a matter of considerable
judgment. Current typical yields for switchgrass, for example, are in range of about 5 dry tons
per acre (11 dry tonnes per hectare). Best practice experimental yields, however, are as high as
13 dry tons per acre (29 dry tonnes per hectare). Transforming this experimental yield (or better)
into typical practice would have a major impact on business economics. Time, research and
development, and experience are needed to do this.

Yields of non-energy crops are also important. As these continue to increase potentially more
room is available for biomass crops to be grown with less impact on food, feed and fiber crops.

A.2.3 Use of Conservation Reserve Program (CRP) Lands for Biomass Crops

The CRP is the Federal government’s largest environmental improvement program. The program
was authorized by the 1985 Food Security Act to address issues of cropland erosion and wildlife
depletion. The CRP provides voluntary participants with an annual per-acre rent plus half the
cost of establishing a permanent land cover (usually grass or trees). In exchange, the participant
retires highly erodible or environmentally sensitive cropland from production for 10-15 years.
The program’s focus has since been broadened to include improving water quality and other
environmental goals.

Since 1995, an Environmental Benefits Index (EBI) has been used to rank new 10-15 year CRP
contract bids. This ranking process determines the amount of acreage to be approved in each
state. In April 1996, the Federal Agriculture Improvement and Reform Act was passed, further
amending the 1985 Act and confirming the CRP’s new focus. The new law continued the CRP at
a maximum enrollment of 36.4 million acres at any one time through 2002.

                                                          
77 See, for example, G.A Tuskan, “Short Rotation Woody Crop Supply Systems in the United States: What Do We
Know and What Do We Need to Know,” Biomass and Bioenergy, Vol. 14, No 4 pp. 307-315, Pergamon, 1998
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In 1997, the Conservation Reserve Enhancement Program (CREP) was launched78. This has
effectively created two segments of the CRP program:

•  The general CRP program, for which sign-up is limited. All sign-up offers continue to be
evaluated and ranked using an EBI based on the environmental benefits expected to accrue if
the land is enrolled in the CRP.

•  The CREP, which cannot be more than 15 percent of the 36.4 million CRP acres, is meant
for the most environmentally-sensitive lands. This land must have a high erosion index, be
cropped wetland in a CRP priority area, or be devoted to environmentally- beneficial
practices. Four national conservation priority areas have been designated and up to 10
percent of a state's cropland may be designated as state priority areas.

As of October 1, 1998, 30.5 million acres were under CRP contracts.

The Department of Energy has suggested using Conservation Reserve Program (CRP) lands be
used to grow bioenergy crops79. Such crops may be native species to the region or can often be
grown with less fertilizer and cultivation. If the CRP were modified to allow the harvest of
energy crops, farmers could make a profit without the soil erosion and chemical runoff caused by
the cultivation of food crops, the government could reduce its subsidies, and power producers
could reduce green house gas emissions. Since 1988, the CRP has included provisions to plant
buffer strips along ditches, streams, and other bodies of water. Because energy crops absorb vast
quantities of water, these provisions present opportunities for fast-growing trees and perennial
energy crops.

No special legislative provisions have been made to allow the production of biomass crops in
CRP lands, although this has been done on an experimental basis. The economic use of CRP
acres in exchange for reduced rental payment in order to reduce the cost of the CRP program,
was proposed in the 1995 Farm Bill, but this provision was not enacted. Before the final ruling in
1997, the USDA considered the issue of whether, and in what manner, CRP acreage could be
devoted to biomass crops but no provision was made.

Walsh and Graham80 have examined the economic feasibility of using CRP lands for energy
crops. In 1996, they estimated total suitable CRP acres for switchgrass and short-rotation woody
crop (SRWC) production to be 17.4 and 14.2 million acres respectively. All estimates were
based on planting all suitable acreage to either switchgrass or SRWC. However, due to the
introduction of the new CRP program under the 1997 final ruling, it is now estimated that only 7-
8 million acres would be available for growing switchgrass.81

                                                          
78 USDA Release No. 0046.97, “Final Conservation Reserve Program Rules” February 12, 1997.

79 UBECA Bulletin, Spring 1995 – http://www.ubeca.org/bull_b6.htm

80 Walsh and Graham (1996) “The Conservation Reserve program as a means to Subsidize Bioenergy Crop Prices,”
presented at BIOENERGY ’96, September 15-20, 1996.

81 Personal communication with Marie Walsh, Oak Ridge National Laboratory, March 1999.
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While no legal authority allows the widespread use of CRP lands for bioenergy crop production,
a few projects have been undertaken using CRP lands with exemptions granted by the Secretary
of Agriculture. For example, the Madison Gas & Electric Company (MG&E) in Wisconsin was
the first utility in the United States to experiment with burning large amounts of native perennial
grasses cofired with coal at a 10/90 grass/coal heat ratio in a utility boiler to produce electricity.
The switchgrass used during the 1996 MG&E test was harvested from CRP land in the area82. In
addition, a demonstration project in Iowa involves up to 500 farmers and landowners supporting
the development of energy crops as a post-CRP alternative to maintain farm income from
marginal agricultural land.

Environmental groups are concerned about the use of CRP lands. For example, the
Environmental Defense Fund (EDF) has opposed the use of the CRP to further expand pine
plantations in the Southeast. The EDF expressed concern that commercial forestry has limited
environmental value. In addition, the Worldwatch Institute has also expressed concern that an
expanding agricultural fuel market will mean that farmers will have a choice of producing food
or fuel, and are likely to produce, whichever is more profitable83.

A.3 Biomass Power Generation Uncertainties

Biomass will be an economical, long-run alternative source of energy for power generation only
when it can compete at the busbar with conventional fuels, perhaps taking into account all costs,
including perhaps carbon credits or prices on one side or the other. Today, in most applications,
it cannot compete. In many applications, virtually all cost components, fuel, O&M and capital
are too high.

The economic feasibility of biomass for power generation depends on the source of the biomass
and the type of application and varies widely. Biomass is generally more difficult to use than
fossil fuels because it has relatively low energy density, and high moisture content. It also has
different grinding and handling properties, makes an ash that can form deposits in boilers or
gasification systems, and sources of biomass fuel are often dispersed. Delivered biomass supply
costs often include a considerable gathering and transportation component, which generally
limits the distance from which the plant may be supplied to less than about 50 miles (80 km).
Biomass waste materials are economically feasible in some power generation applications today
because their costs are near zero (or there may even be a tipping fee), but this is very site
specific. Typically, these currently-economic applications consist of industrial facilities, often in
the pulp and paper industries, which burn wood wastes in cogeneration systems. Biomass crops
are generally not yet economical for power generation without tax or other subsidies. During the
1980s many biomass facilities were built under PURPA and burn agricultural residues at low
efficiencies (with heat rates often above 15,000 Btu/kWh (15,810 kJ/kWh), but as advantageous
power sales contracts have expired, many of these have closed. Most biomass used for power
generation in other than dedicated industrial facilities are waste products co-fired in small
percentages (generally less than 5 percent) in existing boilers.

                                                          
82 Wisconsin Energy News, Nov/Dec 1996 – http://www.doe.state.wi.us/deir/swchgras.htm

83 Biofuels News, Summer 1998, Vol. 1, No. 3.
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A.3.1 New Facilities

In order to achieve the levels of growth in power generation projected by the _____ scenario,
large numbers of new generating units using biomass crops would be needed. Many analysts,
including the developers of NEMS, assume that new biomass plant investment would generally
be Integrated Gasification Combined Cycle (IGCC) due to its high efficiency and fuel flexibility.
Current estimated capital cost for biomass IGCC are in the range $2,100/kW for a 75 MW unit.

Experience with biomass IGCC is as yet limited. Two small biomass IGCC facilities operate in
Scandinavia and one in Vermont and more are planned. As further experience is gained,
performance and costs should be expected to improve through the “learning curve” effect. The
question then becomes how fast can the technology move up the learning curve. This is an issue
shared with other generation technologies. To the extent that common lessons are learned, as
experience is gained with IGCC, even on other fuels, biomass IGCC should also benefit.

Direct combustion technologies, such as improved stoker-grate boilers or atmospheric fluid bed
combustion, may be more economical in some circumstances, due to their lower capital costs
(but at lower efficiencies.) More experience has also been gained with these technologies.

The cost impacts of using a new generating unit may also extend to transmission because new
biomass facilities may be located where there are no existing transmission facilities. Investments
for new transmission lines may be needed to biomass plants, which may add to the cost of using
biomass. In addition, existing transmission lines to existing underutilized coal plants may be
underutilized. The overall impact on the transmission system from building these new facilities
has yet to be estimated.

A.3.2 Use of Existing Facilities

Biomass IGCC plants are projected in the NEMS scenarios to replace existing coal-fired units
with entirely new facilities. Use of existing plants for biomass power generation, by contrast,
would preserve these valuable generation assets.

Existing power plants may be used for biomass either through biomass cofiring or extensive
plant modification. Cofiring involves simultaneously combustion biomass and another fuel in a
power plant. It is the most likely option for burning biomass in most power plants because it is
the easiest and least expensive to implement. Cofiring of biomass and coal is already used in
many power plants in the United States and Europe. EPRI and DOE are exploring further
development of this option. The technical and economic feasibility of cofiring is very unit
specific and depends on the type of boiler. Cyclone boilers, for example, are generally more
amenable to a greater share of biomass, allowing a 2 to 10 percent biomass blend by heat
content. In pulverized coal boilers, biomass blends can provide about 2 percent by heat content.
A separate feed system for the biomass in a pulverized coal boiler can raise this to 5 to 10
percent. While only 2-10 percent of the heat input can be derived from biomass in cofiring
applications, this could still potentially replace a considerable amount of coal, if required.

Extensive plant modification has been little explored compared to cofiring, mostly because it is
so much more expensive. It involves redesigning the generating unit to burn biomass either alone
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or at a higher share than with cofiring. Biomass repowering can be accomplished through a
number of options:

•  Retrofit biomass gasifier to provide supplementary fuel to an existing boiler,

•  Use of biomass-fired slagging combustors to add supplemental energy, 84

•  Repowering the generating unit in whole or in part with AFBC,85 and

•  Air preheating using a separate combustion system, and

•  Hybrids with natural gas-fired combustion turbine systems.

Application of each of these options will be quite site specific.

A.4 Constraints to Rapid Biomass Expansion

Rapid expansion in biomass will face several constraints, both in the power industry and for
biomass supply. Overall, these constraints will limit the rate of growth for biomass, but not
necessarily its long-term potential.

Numerous new biomass generating units would have to be built, especially if the initial focus is
on new plants. For 65 GW of new biomass projected in the __TBD__ scenario, up to 700 new
generating units would have to be built over a 10-year period. The feasibility of such a rapid
increase in the number of new biomass units is questionable. Siting and permitting issues could
be critical due to perceived local impacts. One issue, for example, that has already been raised in
the siting of a biomass IGCC plant in Minnesota is the local impacts of trucking the biomass to
the plant.

Short rotation woody crops are not ready to be harvested for several years after they are planted.
Poplar, for example, is harvested 6 to 10 years after planting. Similarly, willow (known as
“Salix” in Europe) is harvested starting four years after planting and from then only every three
years. The country would have to start very soon to be ready for projected 2010 supply. This lag
also will probably keep many farmers from planting these crops because they generally need
revenues in the year they plant. Most likely, short rotation woody crops will be grown by
established forestry products companies with the experience and financial capability to invest
over a multi-year horizon.

Several biomass supply industries focused on the different components of supply must be
created. This may take time. The industry may ultimately include farmer, forest product and
urban waste-hauler segments as well as trucking companies to transport the biomass. Truck
transportation would be used in most cases due to the likely short runs and small lots in which it
will be transported.

                                                          
84 A preliminary exploration was conducted by in Ebasco Environmental Corporation (now Foster Wheeler
Development Corporation), “Slagging Combustors as a Biomass Power Option,” Report to EPRI, 1995.

85 Such modification was made, for example, by the Tacoma, Washington Department of Public Utilities to its Steam
Plant No. 2 and by Northern States Power at the French Island Station in Lacrosse, Wisconsin.
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Financing may initially be expensive until the financial community understands the technology
and is comfortable with the risks. Moreover, funding sources would need to be assured of the
long-term economic supply of biomass for each project. New and innovative types of contractual
arrangements will need to be implemented, for example, between farmers and power generators.
Such contractual arrangements will need to balance growing preferences for short-term
arrangements with the needs of plant developers to assure long-term supplies to obtain financing.

One initial constraint may be overcoming risks farmers may perceive for new crops. They would
need to be assured that they could earn a better return from planting biomass crops than from
other more traditional crops. The CRP lands could be an important starting point, because these
are lands already set aside and not in production.

A.5 Conclusions: Prospects for Rapid Biomass Expansion

Biomass could play a role in future power generation. It can be an important first step toward
major use of renewables because the power industry could use existing assets and expertise.
However, it is important to be realistic about the potential magnitude and timing of that role.
Resource estimates vary and alternative estimates produce different expectations for biomass
utilization. In addition, it will take time for both the production and utilization technologies and
practices to mature and for a biomass industry to develop.

Both direct and indirect costs of rapid biomass expansion could be high. Direct costs are those
associated with the price of biomass-generated power, including the investments new facilities
biomass fuel supply. The primary indirect cost is the increased price that consumers may have to
pay for food and fiber as land is switched to biomass production, but the level of this cost is very
uncertain.

The Oak Ridge National Laboratory study cited above gave a 1.5 to 24 percent increase in food
crop cost for a 17 million acre deployment of energy crops on cropland. This result is very
sensitive to yields of energy and non-energy crops. Higher yields per acre for food crops in the
U.S. and abroad will lead to less demand for U.S. cropland, with the impact on food/fiber costs
being less than expected.

The most cost-effective way to expand use of biomass would be in existing generating plants.
Existing fossil generation and transmission assets could be jeopardized unless they could
somehow be used.

Rapid expansion of both biomass production and utilization may be difficult due to siting
constraints for new facilities, lags in the production of biomass and institutional constraints.
Institutional constraints would have to be overcome but, given adequate economic incentives in
terms of high biomass fuel prices, they should not be insurmountable. The most important
institutional constraint may be the lack of industry infrastructures to support biomass.
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B 
NATURAL GAS AND CARBON POLICY: POTENTIAL
IMPACTS ON ELECTRIC SYSTEM RELIABILITY AND
ON U.S. RESOURCE AVAILABILITY

The substantial rise in natural gas demand reflected in nearly every analysis of a Business As
Usual scenario represents a significant challenge for each of the major segments of the natural
gas industry. Moreover, the accelerating pace and increasing future gas demand requirements, as
projected in the various carbon reduction scenarios analyzed in this report will represent an even
greater challenge for the gas industry (see Figure B-1). The feasibility of the industry accom-
plishing this even greater challenge is debatable, as it will require nearly every segment of the
gas industry to expand under a very compressed timetable and to operate at peak levels for a
sustained period of time. For example, the natural gas industry never has and may not be capable
of increasing gas production 1.5 to 1.75 Tcf in a single year, as called for under some carbon
reduction scenarios. Furthermore, the combination of increased industry activity and the higher
deliverability requirements in some of the Kyoto scenarios will increase the cumulative cost of
natural gas supplies over the next two decades approximately $140 to $500 billion over
comparable business as usual scenarios, even though cumulative gas demand is about the same
level.
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Figure  B-1
Historical and Projected U.S. Gas Demand (Under Carbon Reduction Scenarios)
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The following discussion outlines the challenges for some segments of the gas industry. In
several instances accomplishing these challenges may require instituting programs and policies
that are in direct conflict with existing programs and policies, as well as with the objectives of
other stakeholders. How this tension will be resolved in the future is unknown and is of
significant concern in assessing the feasibility of accomplishing the significant tasks facing the
gas industry if significant U.S. carbon emission reductions are mandated.

B.1 Exploration and Production

The challenges for the exploration and production segment of the gas industry to provide
adequate supply under the carbon reduction scenarios analyzed in this report are even greater
than the substantial challenge for the industry that exists in the business as usual case. Under the
various carbon reduction scenarios almost every phase of this segment of the gas industry will
have to expand in order to produce adequate supplies to meet forecasted demand. These include,
for example, seismic crew, rig counts, well completions and overall industry employment.
Furthermore, this greatly enhanced performance will have to come from an industry that has
downsized significantly and in which current employment is 54 percent below that which existed
during the 1980's. While today’s industry may be leaner and more efficient, it likely will not be
able to duplicate some of the historical results achieved by the industry, particularly under the
compressed timetable of the various apparent carbon reduction scenarios.

While the NEMS model used by EIA does not analyze every aspect of the drilling industry, it
does provide insights into several critical components of the industry, which are highlighted
below.

Well Completions

The most critical component to increasing gas supply is well completions, which in turn are a
key barometer of overall activity within the exploration and production industry.

As illustrated in Figure B-2, well completions, under several carbon reduction scenarios, will
have to increase to over 40,000 per year for a sustained period of time in order for the U.S.
industry to generate adequate gas supplies. This represents a significant undertaking for the
industry, as it requires drilling activities for a downsized industry to increase more than 40
percent over average 1990 levels. Furthermore, this increase needs to occur in a relatively short
period of time (i.e., about seven years). The staffing issues for the industry are immense, as it
will be a challenge to find and train qualified individuals for this highly specialized industry. In
addition, there is an enormous amount of work that must be completed well in advance (i.e., in
some cases years in advance) of the actual drilling of the wells. This precursor activity includes
geological and geophysical work to develop new prospects and increased utilization of seismic
crews to develop the data critical for finding new projects. Furthermore, all aspects of the
exploration and production industry, such as the service companies and drilling contractors, will
have expanded and likely will be stretched to the limit under the proposed carbon reduction
scenarios. How successful the industry will be at meeting this challenge is unknown.



Natural Gas and Carbon Policy: Potential Impacts on Electric System Reliability and on U.S. Resource Availability

B-3

������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

0

10,000

20,000

30,000

40,000

50,000

60,000

19
90

 

19
92

 

19
94

 

19
96

 

19
98

 

20
00

 

20
02

 

20
04

 

20
06

 

20
08

 

20
10

 

20
12

 

20
14

 

20
16

 

20
18

 

20
20

 

Number of Wells

����
Dry����
Gas

Oil

Source:  EIA, Monthly Energy Review  and NEMS model runs.

Figure  B-2
Historical and Projected U.S. Well Completions (Under Carbon Reduction Scenarios)

The well completions shown in Figure B-2 represent the requirements for both oil and gas
drilling in the U.S. with the entire increase in well completion activity being due to the increase
in gas well completions. This is the correct measure of activity in the industry, since examining
only gas well completions would be misleading. In addition, comparisons to industry activity in
the 1990's can provide an appropriate historical reference point for the current industry.
However, references to earlier periods of industry activity can be very misleading. For example,
going back to the 1980's or earlier would reflect activity levels for an industry that had staffing
levels more than twice the current industry. In addition, during these early periods tax incentives
for the oil and gas industry were distinctly different than they are today. Indeed, these historic tax
incentives (e.g., depletion credits, lack of an alternative minimum tax, etc.) for the industry could
be re-instated, which would assist in expanding the industry. However, such a restructuring of
the U.S. tax code would be in conflict with the objectives of several other interest groups within
the U.S., as some view these historic tax incentives to be a subsidization of the oil and gas
industry. This tension, even if recommended to encourage carbon reductions, would not be easily
resolved.

Another attribute of the apparent need to rapidly expand the U.S. exploration and production
industry well beyond recent historical results is that the industry will lose some of its current
efficiency, despite recent improvements in technology. It has been historically proven that during
periods of rapid expansion in this and other industries that almost every indicator of productivity
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declines (e.g., wells drilled per rig),86 while the opposite effect occurs during an industry
downturn. This likely adverse change in industry efficiency both heightens the concern over the
feasibility of the industry accomplishing a 40 percent increase in activity in the next ten years
and increases the likelihood that the industry’s costs will increase substantially above those
assumed.

Decline Rates

One of the characteristics of the existing U.S. gas industry that also heightens concern over the
feasibility of rapidly increasing gas demand to the high levels called for in various carbon
reduction proposals is the mature nature of existing gas reserves and their relatively high decline
rates. One of the effects of applying the newer technology now used by the exploration and
production industry is that it accelerates the production of gas reserves. While this initially
results in higher production rates, it also results in rapid production decline rates. This increases
the requirement to drill new wells just to replace existing production. Table B-1 illustrates how
decline rates for newly drilled wells have increased during the 1990s, which is a reasonable
indication of the industry as a whole, since nearly 80 percent of current natural gas deliverability
is from wells drilled in the 1990s.87 Furthermore, this phenomenon is particularly acute in the
offshore Gulf of Mexico, which is the most prolific region in the U.S.

Table  B-1
Natural Gas Production Decline Rates for Newly Completed Wells

1990 1992 1994 1996 1997

Total U.S. 14% 15% 18% 20% 23%

U.S. Onshore 11% 11% 14% 14% 18%

Total Offshore 21% 25% 30% 37% 39%

Gulf Shelf 21% 25% 30% 39% 41%

Gulf Deep 13% 14% 33% 22% 28%

Source: Enron and NGW 4/26/99.

The NEMS model, which relies upon somewhat dated data, assumes relatively low production
decline rates, and as a result may understate the well completions that would be required by the
U.S. exploration and production industry. Analysis88 of the phenomenon of increasing decline
                                                          
86 One example of industry efficiency is total wells per rig. During the last period of rapid expansion for the industry
the average number of wells drilled in a year per active rig rose from approximately 23 to 42 and declined to 28
during the subsequent downturn.

87 Independent Petroleum Association of America (IPAA).

88 Resource Data International, U.S. Power And Gas Supply Under The Kyoto Protocol, 1999.
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rates over the last decade because of the use of improved technology indicates that offshore well
completions would have to increase 20 percent in order to meet equivalent production levels.
Conducting similar analyses using the NEMS model indicates that overall well completions
would increase nearly percent, if decline rates were just percent higher than assumed in the
NEMS model. This increase in reserve depletion rates and, hence, in annual production decline
rates is consistent with more recent observations of the industry. The net result would necessitate
even higher well completion requirements to expand natural gas production. This factor further
heightens concerns over the feasibility of increasing U.S. gas production within the compressed
timeframe of the Kyoto protocol (2008-2012).

Canada

In addition to the U.S. exploration and production industry being severely challenged, the
Canadian exploration and production industry would, at the same time, be attempting to meet
similar challenges. The NEMS model, which is used by the EIA and also for this study, does not
detail information concerning Canadian drilling activity. However, offline analyses performed
for this study indicate that Canadian well completions, as illustrated in Figure B-3, would have to
be equal to, or above, all-time peak levels for the Canadian industry over a sustained period of
time. How practical it is to assume that the Canadian industry will be able to perform at all-time
peak levels on a sustained basis is debatable. The last time the Canadian industry was at peak
levels costs soared, as a result of demand exceeding supply for services and equipment. One of
the numerous examples of this phenomenon was the willingness of Canadian exploration and
production companies to incur large penalty payments on contracts for drilling rigs, in order to
retain the rigs beyond their contractual term. Exploration and production firms were willing to
incur these penalties because drilling rig utilization in Canada was at 100 percent, and this
caused significant delays in obtaining drilling rigs for new prospects. Another example of the
significant pressure on costs during this peak effort by the industry was the doubling and tripling
of land prices.
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Figure  B-3
Historical and Projected Canadian Well Completions

Unlike the past, significant carbon reduction scenarios would require that both the U.S. and
Canadian exploration and production industries perform at peak levels. This would eliminate the
potential for any excess capacity in either industry to be used by the other. As a consequence,
this situation also increases concerns over the feasibility of the North American exploration and
production industry accomplishing the projections for well completions if major carbon
reductions are required in the next ten years. Furthermore, even if successful, it is highly likely
that significant inefficiencies will occur in both industries, as has been the case in the past when
the industry has operated at peak levels. These inefficiencies will limit productivity
improvements. The net effect will be to further exacerbate upward pressures on prices, as
demand exceeds supply for exploration and production services and equipment. These pressures
are not reflected in the NEMS modeling, which assumes smooth transitions are possible, even if
they occur very rapidly. In practice, this has not been the case.

Drilling Rigs

Another key indicator of exploration and production activity is the number of active drilling rigs.
As illustrated in Figure B-4, the available rigs in the U.S. have declined dramatically over the
last 15 years. Most of these rigs have been either destroyed or cannibalized for spare parts for
operating rigs, as a result there is currently very little spare rig capacity. This decline in available
rigs has been so significant that in late 1997 and early 1998 the average rig utilization
approached 90 percent and caused significant upward pressure on the contract rates for active
drilling rigs.
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Figure  B-4
U.S. Rig Activity

Under most carbon reduction scenarios the U.S. rig count is required to increase approximately
40 percent in order to produce adequate gas supplies. Achieving this will also be a significant
challenge for the industry, particularly within a compressed time frame. Furthermore, the
feasibility of accomplishing this is made more difficult since the industry currently has little or
no spare rig capacity. As a result, the industry will have to build a significant number of new
rigs, some of which take years to build, in order to have an adequate fleet of drilling rigs.
Accomplishing this 30 to 40 percent expansion of the rig fleet will be a challenge for the
industry. Furthermore, similar conditions will exist within the Canadian industry.

B.1.1 Peak Year Requirements

Because of the compressed time frame, many of the carbon reduction scenarios require that gas
production capability (i.e., deliverability) must increase by unprecedented levels in a single year.
This is true not only in the NEMS model projections prepared for this report but also for those
developed by the EIA in their analysis of the proposed Kyoto carbon reduction policies.89 In
analyses prepared for this report gas deliverability was required to increase 1.5 TCF in a single
year,90 while the EIA analysis natural gas deliverability was required to increase 1.75 Tcf in a

                                                          
89U.S. DOE, Energy Information Administration, Impacts Of The Kyoto Protocol On U.S. Energy Markets And
Economic Activity, (SR/01AF/98-03), October 1998. Cited volumes are for the 1990-7% carbon reduction scenario.

90 Primary policy case with no nuclear extension.
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single year. Either figure represents an unprecedented increase for a single year and in all
probability can not be accomplished by the domestic gas industry. Even the EIA report notes the
following: "Increasing natural gas consumption (deliverability) during the initial phases of a
carbon emissions reduction program may be the biggest challenge facing the oil and gas industry
. . ."91

To provide some insight into this nearly impossible challenge for the industry, it should be noted
that the largest single annual increase in natural gas deliverability over the last 25 years was 0.56
Tcf, or approximately one-third of the requirement identified in this or the EIA study.
Furthermore, if one goes back to 1949, there have only been five times that the gas industry has
been able to increase annual deliverability by over one Tcf, as illustrated in Table B-2. This
amount is still only two-thirds of the requirement identified in either this or the EIA analysis of
the Kyoto proposal.

Table  B-2
Historical Annual Increase in Natural Gas Deliverability1

Year
Annual Increase

(TCF/Yr)
% of Requirements

Identified in This Study

1966 1.18 79%

1970 1.18 79%

1949 1.14 76%

1968 1.10 73%

1969 1.04 69%

1 The rise in U.S. production in 1984 of 1.38 Tcf did not represent an increase in natural gas deliverability,
but rather merely a statistical anomaly. In the prior year the U.S. had a significant recession, and gas
demand declined 1.2 Tcf, which caused gas production to be shut-in. In 1984 demand recovered and
production came back online, but there was no net increase in gas deliverability.

Source: EIA, Annual Energy Review 1997, July 1998.

One of the factors that would make it so difficult for the current industry to increase annual
production capability by well over one Tcf is the mature nature of most of the existing fields. As
a result, much of the current drilling effort is required simply to replace the decline in existing
production. In the past (i.e., 1950s, 1960s and 1970s) overall decline rates were much less than
they are today, and as a result a higher percentage of annual well completions resulted in net
additions to existing production.

                                                          
91U.S. DOE, Energy Information Administration, Impacts Of The Kyoto Protocol On U.S. Energy Markets And
Economic Activity, (SR/01AF/98-03), October 1998. Cited volumes are for the 1990-7% carbon reduction scenario,
October 1998, page 97.
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In order for the current oil and gas industry to increase annual production by over one Tcf it
undoubtedly would have to rely on a major offshore development, because it is extremely
unlikely that an onshore play(s) could achieve such a result. However, it takes considerable time
to develop a major offshore play. Take for example the most prolific development in the current
industry, namely the exploration of the deepwater reserves in the Gulf of Mexico. The brief
history of this development is as follows:

•  The first deepwater Gulf discovery was in the early 1980's;

•  The first deepwater gas production (i.e., Bullwinkle) occurred in 1989;

•  At present, total deepwater gas production is projected to reach 1.2 Tcf per year in 2000.

While the 1.2 Tcf per year figure is a very impressive result, it took nearly 20 years from the
initial discovery to achieve this result, and it was 11 years from initial production until one Tcf
annual production occurred. Furthermore, duplicating this achievement despite the associated
timing problem, with another similar prolific offshore play is very improbable, because there is
currently a moratorium on drilling in all offshore areas except the central and western areas of
the Gulf of Mexico. This moratorium, which lasts until 2012, precludes drilling in the eastern
Gulf and along the Atlantic ocean, despite the indications of major discoveries in these areas.
The moratorium meets the objectives of many in the environmental community, but appears to
be a major obstacle to meeting the natural gas demand requirements embodied in the Kyoto
proposal. How this potential conflict between environmental objectives will be resolved is
unclear.

With respect to onshore developments, the most recent major addition to U.S. production is the
development of coal seam gas. Currently total coal seam gas production in the U.S. is
approximately 1.1 Tcf per year, but it took 10 years and significant tax incentives to reach this
level of production. Despite being a significant addition to U.S. production, this type of
development would represent only a small portion of the required 1.5 Tcf rise in a single year
identified in this study. Furthermore, it may not be reasonable to assume tax incentives similar to
those for coal seam gas, which provided tax credits (i.e., not tax deductions) that were even
greater than the price of gas in some time periods. Reinstituting such a tax policy, which was
fundamental to the development of this significant play, likely would encounter significant
opposition from a variety of interest groups, as in their view it would represent a subsidization of
the oil and gas industry.

B.1.2 Cost Implications

Not only is there a concern over the feasibility of the gas industry’s ability to explore for and
produce adequate gas supplies under the compressed timeframe of the carbon reduction scenarios
reviewed in this report, but it is also a concern over the increased cost of these gas supplies.
According to the EIA’s NEMS model, which was used for this report, the cost of U.S. gas
supplies at the wellhead would increase substantially under the carbon reduction scenarios, even
though cumulative consumption of gas over the next 15 to 20 years would be the same as in the
reference, or business as usual, case. Figure B-5 highlights this phenomenon, as it compares and
contrasts the gas supply curve under the reference case with gas supply curves under three
carbon reduction scenarios.
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Figure  B-5
U.S. Natural Gas Supply Curve

While the EIA’s NEMS model is relatively complex, as it takes into account a number of factors
that impact the exploration and production industry, the primary reason for the higher gas supply
curve in the carbon reduction scenarios is the requirement to achieve higher annual production
levels in a very compressed timeframe which drives up industry costs. Furthermore, the
difference between these curves in total dollars is substantial. For example, the difference
between the reference, or business as usual, case and the carbon reduction scenario assuming
economic growth approximately equivalent to recent economic growth (i.e. Primary Hi Macro) is
approximately $500 billion (1999$), for consuming the same quantity of gas over the next two
decades.

Natural Gas Transportation

Another segment of the natural gas industry that is likely to be significantly challenged by the
gas demand requirements proposed under various carbon reduction scenarios is the gas pipeline
industry. The expansion of existing pipeline systems and the construction of new ones to support
projected increases in gas demand will represent a major challenge for the gas industry, as
projected construction requirements will exceed any historical expansions by the industry over
the last decade. Compounding this situation for the U.S. pipeline industry will be the requirement
that the Canadian pipelines will have to expand during the same compressed period of time, and
that the pipelines will have to pay for themselves during a period of increases in delivered gas
costs, due to cost increases and the carbon tax.
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The NEMS model has certain limitations in its capability to analyze pipeline additions. However,
two other reports92 have summarized detailed analyses of pipeline expansions required under
various carbon reduction scenarios, or the equivalent thereof. The first of these reports was
prepared for the Interstate Natural Gas Association (INGAA). The INGAA report analyzed the
impact of reaching a 30 Tcf market by 2010 on the U.S. domestic natural gas pipeline industry.
This report concludes that while the required increases in pipeline capacity to support this level
of demand represent a real challenge for gas transportation, the industry can meet this challenge.

The second report was prepared by Resource Data International (RDI). It examines, on a regional
basis, the pipeline additions needed to support gas demand growth under several carbon
reduction scenarios, some which are very similar to those analyzed in this report. In the RDI
analysis gas demand under these carbon reduction scenarios exceeds 30 Tcf and reaches the
30 Tcf plateau before the year 2010. Satisfying this level of gas delivery and consumption
represents an even greater challenge for the gas pipeline industry than meeting the demand levels
analyzed in the INGAA report. As a result, the RDI analysis raises its own concerns over the
feasibility of the gas pipeline industry expanding at an even a more rapid pace than that
identified in the INGAA report.

Figure B-6 summarizes the results of the two reports. Also, included in Figure B-6 is historical
data on pipeline construction over the last decade. The bold line represents the average
construction level required in the INGAA report (i.e., 2,000 miles per year). The bars indicate the
pipeline construction required under the RDI report in order to meet the higher levels of demand
in a more compressed timeframe, as required by Kyoto protocols. As illustrated, over a number
of years these carbon reduction protocols will necessitate pipeline construction at levels two to
three times that noted in the INGAA report. This, in essence, will be a super challenge for the
pipeline industry, one which could be insurmountable.

                                                          
92Energy and Environmental Analysis, Inc. Pipeline And Storage Requirements For A 30 Tcf U.S. Gas Market, 1999
and Resource Data International, U.S. Power And Gas Supply Under The Kyoto Protocol, 1999.
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Figure  B-6
U.S. Gas Pipeline Construction (Miles)

Furthermore, there are other concerns that, while over the long term the gas pipeline industry
could successfully expand its transportation system, current environmental and siting
requirements, increasing landowner objections and unresolved contractual issues in the industry
will make it very difficult for the industry to achieve this hoped for level of expansion in the
compressed timeframe required by the Kyoto protocol.

Gas Turbines

Another segment of the overall gas industry that likely will be challenged by the requirements of
the Kyoto protocol is the gas turbine manufacturing industry93. A major part of the projected
increase in gas demand necessitated by the Kyoto protocol would occur as a result of building a
large number of gas-fired combined cycle units and simple cycle turbines (i.e., the former would
be used for baseload electricity generation requirements and the later used for electricity peaking
requirements). The increased demand for these units under various carbon reduction scenarios
quickly will exceed the existing manufacturing capability for these turbines. While there is some
debate on how fast the turbine industry can expand, under all scenarios it will be a significant
challenge for the industry to build the amount of capacity required under most carbon reduction
scenarios.

                                                          
93Includes both simple cycle and combined cycle units.
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As a practical matter, an analysis of the adequacy of turbine manufacturing capability cannot be
made solely on the basis of U.S. demand for new turbines. This is especially the case because the
preponderance of U.S. production of gas turbines for stationary applications is currently
exported. Instead, analysis requires an assessment of gas turbine supply and demand on a
worldwide basis. Under the Kyoto protocol other countries will attempt to expand their gas-fired
turbine capacity at the same time as the U.S. In addition, gas turbine use is expected to greatly
expand in regions of the world with abundant natural gas resources, for example, parts of South
America, the Middle East, Africa and Southeast Asia. A recent report by Resource Dynamics
Corporation94 has made an initial assessment of the requirements for additional turbine capacity.
In brief, their findings are that just to meet the increased U.S. demand, turbine production
capacity would have to more than double. This equates to annual additions of U.S. generation
capacity of 8 to 17 GW. Even if this expansion in gas turbine production could be achieved,
some gas turbine manufacturing capacity could be unneeded in a relatively few years once the
rapid expansion is over.

It will be expensive for the industry to expand at this pace and difficult initially even with liberal
utilization of outsourcing of components and subassemblies. There are two constraint points in
the turbine manufacturing industry, which make future expansion at an accelerated pace
problematic. These are:

•  Turbine Blades: In large part because of the sophisticated metallurgy required for advanced
turbine blades, two blade manufacturers dominate the turbine blade market. Expansion of
turbine blade facilities (including skilled labor) has the potential to be a bottleneck as the
industry gears up to expand production.

•  Assembly and Testing: Final assembly of the various subassemblies for these units and
subsequent testing occurs at large, very capital intensive, assembly facilities. Rapid
expansion of these facilities and the technical staff to service them will require extensive
investment by the industry.

Expansion of gas turbine manufacture to the levels required to reduce carbon dioxide emissions
will require considerable expansion in the gas turbine manufacturing capacity. This will probably
result in large increases in gas turbine prices, reversing the earlier trend of declining prices. Such
price increases have already occurred since the summer of 1998, as U.S. power producers sought
to add gas turbine capacity in response to the electricity price spike of that summer and this
represented in a surge in demand much smaller than that anticipated for carbon dioxide
reduction. It is also likely that, in the rush to add new gas turbine capacity, less efficient units
may be acquired because they are easier to produce.

Further complicating the gas turbine expansion analysis is that there are other uses of these units.
Turbines are used in the aircraft and other industries that would compete for the same production
capacity. Greatly increased demand for gas turbines solely for electric generation would have
direct impacts on other industries, and hence, the economy.

                                                          
94 Resource Dynamics Corporation, “Constraints to Greenhouse Gas Reduction Strategies for Power Generation
Using Natural Gas and Biomass,” Report to the U.S. Department of Energy, October, 1998.
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Table  B-3
Historical Data for Miles of Pipeline Construction

Year
Construction of

Pipelines
(Miles Per Year)

1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998

1,746
2,116
2,372
2,360
1,766*
1,305
5,5191

2,410
7,2912

3,078
2,329
1,951
1,233
929

1,027
2,117
1,518

* Estimate.

1 Apparently includes Iroquois.

2 Apparently includes Kern River and others.

Source: Oil & Gas Journal.

B.2 Potential Impacts of Changes in Fuel Diversity on Electric System
Reliability

B.2.1 Overview

Fuel diversity for power generation is uniquely important to the electric industry, because
electricity can not readily be stored. Historically, the use of multiple fuels to produce electricity
has helped to ensure the overall reliability of U.S. electricity supply. As pointed out in this
report, under the Current Policy Direction U.S. natural gas-fired power generation could increase
from approximately 14 percent to over 50 percent of total generation by 2020. With the decline
in dual fuel capability at individual electric generating stations, particularly in some regions, the
increased reliance on gas-fired generation might impair the overall future reliability of electricity
supply. This impairment could occur, because U.S. gas supplies are susceptible to interruption as
a result of major weather events (e.g., severe winter weather and hurricanes). A possible solution
to this problem is for the electric industry to make greater use of natural gas storage, but this
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represents an added expense for gas-fired generation. Another alternative would be to require the
capability to burn oil as a back-up fuel, but this practice is being eliminated over time under
current plans.

B.2.2 Impact of Weather on Natural Gas Supplies

Despite firm contractual arrangements natural gas supplies historically have been subject to
interruption during the summer months, due to hurricanes (i.e., during the peak period for
electric generation), and the winter months, due to severe cold weather (i.e., the peak period for
gas consumption). Two recent examples and their impacts on the industry are discussed below.

Winter: Severe Cold Weather in 1989/1990

In December 1989, a "double freeze" occurred, which resulted in simultaneous freezes in major
population areas (i.e., the Northeast and Midwest) and in the Southwest producing regions. This
resulted in a significant loss of natural gas supplies caused by well freeze-offs during a winter
period of high gas demand.

While the period of frigid weather in the Southwest was limited, it was severe. Temperatures
were 80 percent colder than normal, wind chill factors were down to -35oF, and ice flows were
reported 12 miles offshore in the Gulf of Mexico. The impact on natural gas production was
extensive. Condensate associated with natural gas production froze, which caused ice plugs and
prevented natural gas wells from flowing. In addition, there were failures of instrument lines and
dehydration equipment, and even freezing of oil lines necessary for casing head production.
Furthermore, the conditions precluded repair personnel from getting to wells and equipment to
begin the thawing process. Areas of Kansas, Arkansas, Oklahoma, Texas and Louisiana were all
affected. Large producers of natural gas reported losing between 25 and 40 percent of their gas
supplies. Furthermore, four of the 23 affected major interstate pipelines were forced to curtail
firm services. These curtailments of firm services were primarily caused by the loss of supplies
due to well freeze-ups rather than any transmission capacity constraints and were in addition to
curtailments of some or all interruptible transportation on the various pipelines.

In general, Southern utilities were more affected by the frigid weather, which caused significant
outages of electric generation capacity, than were utilities in other regions of the country. The
two electric utility regions that were most dependent on gas-fired generation (i.e., ERCOT and
FRCC) were forced to curtail firm electric services during December, albeit for only short
periods of time. In other regions, such as New England, gas consumption in the electric sector
was reduced 97%, as utilities switched to residual fuel oil, as a back-up fuel.

Under the Current Policy Direction the impact of this type of gas supply interruption would
likely be more severe, since almost every region will be dependent on gas-fired generation and
fuel switching will not be an option, unless current practices are changed.

Summer: Hurricane Andrew

When Hurricane Andrew hit the Louisiana port of the Gulf of Mexico on August 26, 1992,
approximately 2,000 platforms experienced hurricane force winds, of which 295 were damaged.
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In addition, 309 pipeline segments were damaged. The damage to the platforms included 112
platforms that sustained structural damage, 52 platforms with sub-surface damage, 14 platforms
that were toppled and 4 platforms that were leaning. Among the satellite units, 31 were toppled,
and 82 were leaning. The damaged platforms were concentrated in the Ship Shoal and South
Timbalier areas with over 100 platforms damaged in each area.

The impact on natural gas production was significant, as illustrated in Figure B-7. Normal gas
production from the Gulf of Mexico is about 13 BCFD, or about 26 percent of total U.S.
production (i.e., excluding Canadian production). The initial impact was a reduction in gas
production of approximately 9.4 Bcf/day, as 37,500 industry employees including personnel
from 700 platforms were evacuated by midday on Tuesday, August 25, 1992. Most of this
production was rapidly recovered as crews were returned to the platforms on Thursday and
Friday. Non-damaged and remote controlled platforms resumed production by Friday. The 295
damaged platforms resulted in 2.5 to 2.75 Bcf/day that could not quickly be returned to
production. One month after Hurricane Andrew (i.e., September 25, 1992) lost production had
been reduced to approximately 0.9 BCFD. In a few cases production capability has been
permanently lost, since it is not economic to repair or replace all the damaged platforms.
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Figure  B-7
Lost Production as a Result of Hurricane Andrew

In 1992, the U.S. electric industry was only about 10 percent dependent upon gas-fired
generation and had considerable capacity to fuel switch, particularly to residual fuel oil. As a
result, this past gas supply event had more impact on other gas consuming sectors than the
electric sector. However, under the Current Policy Direction such an event could have a
significant impact on the reliability of electricity, as some gas-fired electric generation likely
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would incur limitations in their gas supply. This could be particularly problematic, if it occurs
during a period of peak summer demand when all other units are operating, and no replacements
are available.

B.2.3 Fuel Switching

Historically, the electric utility history has made great use of fuel switching, particularly to
residual fuel oil, during periods of gas supply interruption. This has enhanced the overall
reliability of the total electric utility system. Already some of this dual fuel capability has been
eliminated. The remainder likely will be retired, as the industry continues to build new, more
efficient gas-fired combined cycle units. Not only are these gas-fired combined cycle units not
capable of burning residual fuel oil, but they represent the very technology that will force the
current fleet of gas/resid-fired steam generators to retire. Furthermore, while some combined
cycle units will be able to switch to distillate fuel oils, many of the newer units are being built
without this capability, because of environmental pressures by local communities to eliminate oil
tanks. This represents another possible conflict between the ascribed objectives of various
interest groups within the U.S. power sector. In addition, distillate fuel oil, which is used for
home heating and transportation, may not be available to the electric sector in sufficient
quantities to allow complete fuel switching, because of residential sector needs during periods of
peak winter demand. However, distillate fuel can easily be stored, and, therefore, could be made
available during times when gas supplies are interrupted, if such storage were required.

B.3 Adequacy of Long-Term U.S. Natural Gas Resources

While there are adequate gas supplies to meet the high demand requirements of the Current
Policy Direction through 2020, it is an open question how long total U.S. domestic supplies can
last. Based on the initial post-2020 analysis in this study, there may not be adequate domestic
natural gas supplies to last through 2050. Indeed, under some carbon reduction and gas reserve
availability scenarios, the U.S. would be unable to replace its proven natural gas reserves by as
early as year 2025.

At issue are several current policies that presently limit the availability of U.S. gas supplies.
These policies include the current moratorium on offshore drilling and limitations on building
new LNG facilities. There are also physical limitations to the U.S. gas resource base, despite its
enormous size. However, even the Potential Gas Committee’s (PGC’s) total estimated gas
resource base, including all speculative resources, could be exhausted before 2050, if natural gas
replaces coal, nuclear power is phased out, and U.S. population continues to grow.95

                                                          
95 Synthetic natural gas (SNG) and lower Btu synthesis gas could be produced from coal and possibly other energy
resources such as oil shale. However, these options present technical problems, such as carbon dioxide and other
emissions, as well as difficulties in the transportation and use of synthetic gas. Considerable research and
development will be needed to make these options available at acceptable prices, which could take several decades.
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B.3.1 Methodology and Approach to the Post-2020 Analysis of Gas Supplies

In order to examine the longer-term impacts of the Current Policy Direction the project team
developed supplemental models that provide energy demand and fuel market projections and
extend the NEMS Electricity Market Module to 2050. An important aspect of this examination
was to begin to assess the demand for and the adequacy of U.S. gas supplies over this longer
time horizon.

As part of this longer-term analysis of gas supplies, the project team has relied upon the Potential
Gas Committee’s (PGC) assessment of the U.S. gas resource base. The PGC, which is
coordinated by the Colorado School of Mines and includes representatives from a wide variety of
exploration and production companies, prepares a biannual assessment of the U.S. gas resource
base. The PGC has prepared its assessments of the domestic natural gas resource basis longer
than any other entity and its findings are probably the most respected in the industry. The PGC’s
1999 assessment has projected that the total U.S. gas resource base is 1,205 TCF including
proved reserves.96 Several entities, including the USGS/MMS, the Natural Petroleum Council
and the National Energy Strategy (DOE), have generated assessments similar to that provided by
the PGC. Figure B-8 provides some perspective on the PGC assessment, including the fact that
less than 15 percent of the assessed resource base is proven reserves, with the remaining 85
percent yet to be discovered. Furthermore, speculative resources represent approximately 40
percent of the PGC assessed resource base. The PGC assessment is based upon foreseeable
advances in technology within the industry.

Proven
14%

Probable
19%

Possible
28%

Speculative
39%

Total = 1205 TCF

Source: Potential Gas Agency Colorado School of Mines, Potential Supply Of
Natural Gas In The United States, March 1999.

Figure  B-8
Potential Gas Committee Assessment of Total U.S. Gas Resource Base

                                                          
96 Potential Gas Agency Colorado School of Mines, Potential Supply of Natural Gas In The United States, March
1999.
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B.3.2 Issues Affecting Long-Term Gas Supplies

While the PGC assessment provides an estimate of U.S. gas resources, there are several other
issues that also affect the long-term outlook for domestic natural gas supplies. These include,
among others, the current offshore drilling moratorium and the likelihood of bringing increased
liquefied natural gas (LNG) supplies to the U.S. market. In the post-2020 timeframe U.S. policy
on both of these issues could significantly impact the adequacy of U.S. gas supplies needed to
meet the higher gas demand levels needed under the Current Policy Direction.

Primarily in response to oil spills (e.g. offshore Santa Barbara and in the Prince William Sound)
current U.S. law precludes drilling in any of the offshore areas of the U.S., except for the central
and western regions of the Gulf of Mexico (see Figure B-9).

Moratorium Area

Moratorium AreaOk to Drill Area

Moratorium currently in effect through 2012.

Figure  B-9
Lower-48 Moratorium Areas for U.S. Drilling

This drilling moratorium was recently extended to 2012, and the current judgment is that it will
likely be extended for another 10 year period, if not indefinitely. Prior to the establishment of the
moratorium the industry established the potential for substantial quantities of gas in these
offshore areas (e.g., offshore Florida, North Carolina and New Jersey). Furthermore, advances in
offshore technology around the world over the last decade have significantly enhanced the
likelihood these areas can provide future gas supplies. In fact, the PGC assessment includes
54 TCF in these moratorium areas, while other assessments have estimated over 100 TCF. Given
the projected need for additional gas to support the Current Policy Direction, significant tension
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could arise between current U.S. policy precluding drilling in offshore areas and the need for
future gas supplies.

With respect to LNG supplies, the U.S. currently has four LNG terminals, all of which could be
expanded (see Figure B-10). At present imports of LNG supplies are only 80 BCF per year, or
less than 0.5 percent of U.S. gas demand.

U.S. LNG Import Locations

- Operating

- Not Active

Figure  B-10
U.S. Liquified Natural Gas Facilities

If LNG imports increase in the future, it would have the net effect of increasing the adequacy of
U.S. gas resources. However, expanding LNG imports beyond approximately 1,200 BCF per
year (i.e., maximum expanded capacity of the current four LNG facilities) would require
building new LNG facilities. This would necessitate changes in current policy toward
constructing LNG import and storage facilities. At present many areas of the country,
particularly at the local level, are against the construction of LNG facilities, because of their
perceived hazardous potential. Indeed, there have been three LNG explosions in the U.S. with
the most noteworthy being the Staten Island, NY explosion in which 32 people were killed.
Thus, this issue represents another area were there is significant tension between other U.S.
policies and the need for gas supplies to support the Current Policy.
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B.3.3 Analysis of U.S. Gas Demand and Supply From Year 2000 to 2050

U.S. domestic gas supply and demand has been evaluated, in order to begin to assess the
adequacy of U.S. gas supplies out to year 2050. Several supply options were analyzed to balance
supply and demand iteratively, including the effects of revisions in U.S. policy that would
increase supplies, such as eliminating the current drilling moratorium in year 2022. Prospects for
advances in technology beyond that foreseen by the PGC assessment were also considered.
Advances in technology would enable the industry to access supplies that were not previously
considered recoverable. As a result, the overall size of the U.S. gas resource base would be
increased. The potential increase in U.S. gas resources was deemed to be much larger if the
industry were to have full access to the potentially prolific offshore areas covered by the current
drilling moratorium.

Table B-4 provides a brief summary of the adequacy of U.S. gas supplies to meet higher demand
requirements, taking into account the various items affecting supply availability discussed above.
If the moratorium on offshore drilling is not lifted proven reserves could begin to fall by as early
as 2027, constraining supplies after that point, if not before.97

Table  B-4
Potential Exhaustion of U.S. Natural Gas Resources

Year U.S. Natural Gas Resources Constrained

Moratorium
Continued and
Current PGC

Assessment of Gas
Resources

Moratorium Continued
and Assessment of

Gas Resources
Increased

Moratorium
Repealed and

Assessment of Gas
Resources Increased

BAU 2031 2038 2050+

Current Policy Direction 2027 2035 2050+

Current Policy with Higher
Macroeconomic Growth

2025 2031 2045

“Year U.S. Gas Resources Constrained” is the first year when proved U.S. reserves fall below 9.5 years,
because remaining total resources are less than 9.5 years current consumption.

Table B-5 at the end of this Appendix provides a more complete summary of the supply and
demand balance under differing U.S. drilling policies.

                                                          
97 Constrained gas reserves in this table are defined as the point where existing proven reserves cannot be replaced,
because there is no more accessible gas to be discovered. At this point, the reserve-to-production ratio begins to
decline, as does deliverability. With the decline in deliverability, natural gas demand cannot be met and some form
of rationing likely would occur. As a result, the price behavior of natural gas would change significantly during that
time, while gas is ‘phased out’ of the U.S. economy. Alternatively, substitute fuels, such as Synthetic Natural Gas,
would have to be developed.
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One major exception to the conclusion that domestic gas supplies would be exhausted within the
next half century would be a future situation where both the U.S. drilling moratorium is repealed
and advances in technology succeed in increasing the U.S. gas resource base at one percent per
year. Under these conditions U.S. gas supplies would be adequate to meet the demands projected
through 2050.

A similar analysis for the Canadian gas resource base and for Canadian exports to the U.S.,
indicates that Canada will become heavily dependent upon gas from frontier areas and gas from
coal-bed methane in the post-2020 timeframe. Despite this stress on Canadian gas production,
U.S. imports are projected to reach approximately 6 TCF per year over the entire post-2020
period through 2050. In the absence of these Canadian imports, U.S. gas reserves would be
exhausted earlier.

B.3.4 U.S. Gas Prices From 2000 to 2050

The prospect of a potential wide variety of public policies, and the availability and demand for
natural gas in the future also has a great effect on the price of gas to be expected in future years.
Table B-5 summarizes the results of the long run projections under different scenarios of gas
supply and demand. In Table B-5 the total gas resources assumed to be available for production
from 1999 to 2050 ranged from 1,091 TCF to about 1,900 TCF. The lower gas resource base
levels are equivalent to assuming that the current estimates of resources will not change over the
time frame. Under these assumptions the price of gas in 2020 varies from $4.17 to $5.39 per
MCF (99$) by the year 2020 depending upon which scenario, and hence demand level, is
followed.

Additional natural gas resources may continue to become available through the continual
improvement in technologies to explore and extract gas. The justification for this ongoing
appreciation of the resource base is based on the observation of the gas resource base over the
past decade or more. Whether this technological advancement can be maintained over the next
twenty to fifty years remains as key assumption about the availability and price of gas. Under a
limited resource growth rate of 0.5% per year gas prices by 2020 would cost between $3.02 and
$4.35 per MCF. Doubling the rate by which the resource base appreciates to one percent per year
decreases expected gas prices to $2.79 from $4.22 per MCF in 2020.

Only under the most optimistic assumptions of resource appreciation do sufficient gas resources
exist to support a large-scale domestic gas industry out to 2050. Under the most optimistic
resource appreciation rate of one percent per year sufficient quantities of gas would exist in 2050
to maintain projected gas consumption levels.

B.3.5 Gas Hydrates: A Long-Term Gas Supply Wildcard?

Within the last few years gas hydrates have gained interest as a potential long-term gas supply
resource. Gas hydrates are essentially ‘frozen’ methane ice that has been found to exist naturally
at ocean depths and under arctic conditions. Most recent estimates place the probable volume of
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U.S. gas hydrate deposits at 200,000 TCF98. If only one percent of these hydrates is found to be
economically recoverable then the current U.S. gas resource base would more than double.

In recent years the DOE has turned from a program of long-term, basic, R&D in gas hydrates to
a program that is more focused on a shorter time horizon99. One of the stated goals of the current
DOE program is to enable commercial scale extraction of hydrate gas by 2015, contingent upon
expenditure of an adequate level of government funds for research.

However, the successful commercial scale exploitation of gas hydrates faces significant hurdles.
There is currently no known process that can be suitably adapted for accessing the solid methane
as it exists in deposits in the deep ocean floor, converting it from the solid form, and then
collecting the gas produced. There can be no performance guarantees in any technology
development program, as has been learned from any number of other government-funded R&D
programs. In addition, certain processes might cause more harm than good, primarily through the
uncontrolled release to the atmosphere of large quantities of methane. In other words, solving
one problem might harm the original goal, i.e. a reduction in greenhouse gas emissions.
Therefore, at this time gas hydrate deposits are not even recognized as a speculative resource by
the Potential Gas Committee.

B.3.6 Summary of the Long-Term Natural Gas Picture

It is unlikely that the U.S. gas resource base will be adequate to meet the high demand
requirements under the Current Policy Direction without changes in today’s gas resource
availability. Moreover, even if natural gas were an inexhaustible resource, gas produces carbon
emissions when burned, though at lower rates than coal or oil. Hence, burning more natural gas
is not a complete solution to achieving the long-term carbon reductions needed under the Current
Policy to offset population and economic growth. While changes in U.S. policy on several
critical issues could increase the adequacy of U.S. gas supplies, although not necessarily enough
for domestic supplies to last until 2050, there will be significant tension in revising policies
intended to protect the environment. Some of the issues that fall into this category include:

•  Drilling Moratorium: The current U.S. policy to preclude offshore drilling in all areas,
except the western and central Gulf of Mexico will reduce the size of the U.S. gas resource
base. Resolving these issues will cause tension between the current goals of those advocating
a continued moratorium and those advocating a carbon reduction policy.

•  Expansion of LNG Facilities: The construction of new LNG facilities would increase U.S.
gas supplies. However, such facilities are currently opposed, particularly by local interest
groups. Allowing the construction of new LNG facilities would place the interest of these
groups in conflict with those advocating a carbon reduction policy.

                                                          
98 Collett, T.S., 1995, "Gas Hydrate Resources of the United States," National Assessment of United States Oil and
Gas Resources Results, Methodology, and Supporting Data, Ed. D.L. Gautier, G.L. Dolton, K.I. Takahashi, and
K.L. Varnes. U.S. Geological Survey Digital Data Series 30.

99 Department of Energy, A Strategy for Methane Hydrates Research & Development, August 1998.
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•  Drilling on Federal Lands: Currently drilling is precluded, primarily in the West, on
Federal Lands. A continuation of this policy in the future would further reduce the gas
resource base. Reversing this current policy would place the interests of various groups in
tension with those advocating a carbon reduction policy.

•  Alaskan LNG Exports: The construction of an LNG export facility would reduce available
gas supplies that could be used in the lower-48 to meet the future high demand requirements
under a carbon reduction scenario. The alternative would be to hold these Alaskan gas
reserves in place until needed in the post-2020 timeframe. This alternative would cause
tension between the welfare of the state of Alaska with those advocating carbon reduction
policies.

Over the next decade the United States will substantially increase its consumption of natural gas,
because of its desirable characteristics and competitive prices, even in the absence of mandated
carbon reductions. However, the additional gas consumption resulting from the Current Policy
Direction would severely challenge a gas industry that is already rapidly expanding. If access to
offshore resources is prohibited and the resource base does not grow at one percent per year,
total U.S. gas resources could be exhausted before 2050, regardless of government carbon
reduction policies.
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Table  B-5
Long Run Gas Supply Results Under Various Scenarios Analyzed Using NEMS

2020 Results 2050 Results

Resource
Base1

Moratorium
Repealed in

2022 EPRI-NEMS Scenario3

Cumulative
Resources

to 20502

Gas
Constrained

Year

U.S.
Consumption

TCF/Year

Lower-48
Wellhead

Price
$/MCF (99$)

U.S.
Consumption

TCF/Year

Lower-48
Wellhead

Price
$/MCF (99$)

CA No BAU 1,091 2031 32.9 $4.17 N/A N/A

CA No Current Policy 1,091 2027 36.1 $4.55 N/A N/A

CA No BAU & High Macroeconomic Growth 1,091 2028 35.3 $4.41 N/A N/A

CA No Current Policy & High Macroeconomic Growth 1,091 2025 38.1 $5.39 NA N/A

CA Yes BAU 1,144 2032 32.9 $3.71 N/A N/A

CA Yes Current Policy 1,144 2029 36.1 $4.22 N/A N/A

CA Yes BAU & High Macroeconomic Growth 1,144 2030 35.3 $3.93 N/A N/A

CA Yes Current Policy & High Macroeconomic Growth 1,144 2027 38.1 $4.79 N/A N/A

IA No BAU 1,380 2038 32.9 $3.02 N/A N/A

IA No Current Policy 1,380 2034 36.1 $3.98 N/A N/A

IA No BAU & High Macroeconomic Growth 1,380 2035 35.3 $3.51 N/A N/A

IA No Current Policy & High Macroeconomic Growth 1,380 2031 38.1 $4.35 N/A N/A

IA Yes BAU 1,845 2050+ 32.1 $2.79 30.2 $4.81

IA Yes Current Policy 1,845 2050+ 37.8 $3.88 26.9 $5.70

IA Yes Carbon Glide Path to 2030 1,845 2050+ 37.0 $3.82 27.0 $5.53

IA Yes Current Policy & High Macroeconomic Growth 1,845 2045 38.1 $4.22 N/A N/A

Notes:
1. 1998 U.S. natural gas resource base is 1,091 TCF, excluding moratorium gas, and 1,144 TCF, including moratorium gas. (PGC assessment of 1,205 TCF on wet basis is equivalent
to 1,144 TCF on dry basis.)
2. Resource base appreciates at 0.5% per year without moratorium gas and at 1.0% per year with moratorium gas under floating resource base cases.
3. Bold cases are carbon reduction scenarios, while non-bold cases are business as usual cases.
CA - Current Assessment.
IA - Increased Assessment.
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C 
ENERGY & ECONOMIC PROJECTIONS FROM 2020 TO
2050

C.1 Introduction to the Post-2020 Energy/Economy Projections

This study’s projections of the major energy consuming and fuel supply sectors from 1990 to
2050 represent scenarios driven by underlying energy and economic system characteristics,
market behavior, population growth, technology development and environmental regulations,
including a potential carbon tax on U.S. fuel consumption. The post-2020 projections build on
National Energy Modeling System (NEMS) results from 1990 to 2020, and incorporate NEMS
Electricity Market Module (EMM) projections from 1990 to 2050.100 For each scenario the EMM
provides detailed projections of electric sector technology advancement and choices, power plant
and system operations for multiple regions in each year. The responses of the residential,
commercial, industrial and transportation sectors after 2020 are modeled by extending the pre-
2020 results of each NEMS scenario and accounting for post-2020 changes to each sector’s
behavior and responses to energy prices. The linked modeling system projects energy, fuel, and
electricity demands, prices and carbon emissions for the residential, commercial, industrial,
transportation and electricity sectors from 1990 to 2050.101

This appendix describes the framework of the post-2020 model. First, it discusses the underlying
assumptions for projecting energy demand in each sector and GDP growth. Second, feedback
effects between GDP and the energy sector are derived using neoclassical economic theory.
Third, results from the existing NEMS energy model prior to 2020 are represented by a series of
fuel equations for each sector. By taking the 1990-2020 NEMS results as the foundation and
adapting the price response and fuel share equations to account for technology advance and long
run market behavior, energy prices and quantities are projected from 2020 to 2050. Fourth, the
economic impacts of the different energy and environmental scenarios are characterized by
changes in the consumer and producer surplus calculated for each scenario from 1990 to 2050.

                                                          
100 For this purpose the EMM, which projects the capacity expansion and operation of individual power plants and
regional utility systems, was extended from 2020 to 2050.

101 The post-2020 model uses a combination of econometric and engineering methods to generate alternative energy
futures for the U.S. The post-2020 model projects regional energy prices, demand, fuel consumption and carbon
emissions in each sector. The EMM electricity sector model is the NEMS EMM module modified only to
accommodate advanced electric technologies and choices out to 2050, instead of 2020.
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C.2 Projecting Annual Energy Demand by Sector

C.2.1 Demand Growth and Fuel Shares

A basic concept underlying the 2021-2050 projections is that the disaggregated results of the
NEMS model projections for the major consuming sectors over the period 1999-2020 can be
used to develop long run energy demand equations. Population growth, key consumption-related
variables, primary fuel prices, market shares and price elasticities are used to determine long run
energy demands. The energy demand variables used to represent the residential, commercial,
industrial and transportation sectors are listed in each column of Table C-1 for the demand sector
listed in each row.

Table  C-1
Energy Demand Variables

Sector
Dependent

Variable Independent Variables

Residential Energy/HH Btu Weighted Avg. Energy Price

Commercial Energy/(ft^2) Btu Weighted Avg. Energy Price.

Industrial Energy/GrOut Btu Weighted Avg. Energy Price

Transportation Energy/HH VMT/HH MPG

Note: HH = millions of U.S. households; ft^2 = billions of commercial building square
feet; GrOut = industrial constant dollar gross output; VMT = vehicle miles traveled
per capita, MPG = average miles per gallon for all new vehicles, including trucks.

In the residential sector energy consumption per household is determined to be a linear function
of the residential BTU weighted price of energy.102 The number of households is based on
population. In the commercial sector energy consumed per square foot of commercial space is
related to the weighted price of energy to the commercial sector. In the industrial sector energy
per dollar of real gross output depends on the weighted price of energy to that sector. In the
transportation sector delivered energy per household is explained by vehicle miles traveled per
household and the average miles per gallon for new vehicles, including trucks. All four equations
are estimated for the period 1999 through 2020 by the method of linear least squares, using
projected data from the NEMS model through 2020. The estimated equations are then adapted to
project energy demands by sector for the period 2020 to 2050.

Fuel share equations for each consuming sector in each year are estimated as a function of the
different fuel prices to that sector. The estimated regression coefficients corresponding to the

                                                          
102 The BTUs consumed and delivered prices of each primary fuel are used to calculate a weighted average price of
energy in each year for the sector.
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dependent variables given in Table C-1, along with those of the fuel share equations for the
residential, commercial, industrial and transportation sectors, are presented in Table C-2.

Table  C-2
Econometric Equations for VHCNEM2-2050 Model

Dependent Variable Independent Variables Regression Coefficients

Residential Sector:

Delivered Energy constant 0.153701

Disposable income/Population -0.002214

Price of residential delivered energy -0.000894

Electricity Share constant 0.355628

Price of residential electricity -0.009897

Price of residential oil 0.01027

Price of residential gas 0.022698

Oil Share constant 0.129885

Price of residential gas -0.013094

Price of res electricity- res price of oil 0.005078

Gas Share constant 0.461905

Price of residential gas -0.013873

Price of residential oil -0.002672

Price of residential electricity 0.004866

Coal Share constant 0.004257

Price of residential gas 0.000131

Trend variable, 1999 = 1. -0.000059

Commercial Sector:

Log(SqFt/HH) constant -1.128542

Disposable income/Population 0.058812

(Disposable income/Population)^2 -0.001406

Del. Energy/SqFt constant 0.159962

Price of commercial delivered energy -0.002752

Electricity Share constant 0.459905

Price of commercial electricity -0.007126

Price of commercial oil 0.004406

Price of commercial gas 0.025111

Oil Share constant 0.078854

Price of commercial oil -0.003034

Price of commercial gas 0.001594

Price of commercial electricity -0.004253

Gas Share constant 0.450336

Price of commercial electricity 0.005329

Price of commercial oil -0.001574

Price of commercial gas -0.01998

Industrial Sector:

Real Gross Output constant 471.5793
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Dependent Variable Independent Variables Regression Coefficients

Real GDP, Billion 1992 dollars 0.472293

Del. Energy/Real Gross Output constant 0.008126

Price of industrial delivered energy -0.000308

Electricity Share constant 0.150654

Price of industrial electricity -0.003032

Price of industrial gas 0.006207

Price of industrial oil 0.001940

Oil Share constant 0.341366

Price of industrial gas 0.005229

Price of industrial coal -0.001909

Gas Share constant 0.401269

Price of industrial oil -0.006826

Price of industrial coal -0.064769

Price of industrial electricity 0.009473

Price of industrial gas -0.018334

Coal Share constant 0.122182

Price of industrial oil -0.004365

Price of industrial coal -0.009449

Price of industrial gas -0.007189

Price of industrial electricity 0.000747

Transportation Sector:

Log (MPG for new vehicles) constant 2.822299

Price of transportation delivered energy 0.043015

Log (Vehicle MilesTraveled/HH) constant 1.547394

Miles per gallon, new vehicles 0.026674

Del. Energy/Household constant -0.002894

Vehicle miles traveled/# Households 0.014652

Miles per gallon, new vehicles -0.003084

Electricity Share constant -0.000257

Trend variable, 1999 = 1. 0.000148

Price of transportation oil 0.000290

Other Fuel Share constant -0.001720

Price of transportation oil 0.000317

Trend variable, 1999 = 1. 0.0000625

Renewable Fuel Share103 constant -0.001110

Price of transportation oil 0.000187

Trend variable, 1999 = 1. 0.0000594

                                                          
103 The residential, commercial, industrial and transportation sector regression equations for fuel shares usually
consider electricity, oil, gas, and coal as the primary fuels with renewables providing the residual share in the
residential, commercial, and industrial sectors. In the transportation sector oil is assumed to provide the residual
share.
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Ideally, all relevant fuel prices should be included in the share equations for each sector, but this
is not possible for fuels that do not provide statistically significant share values in a particular
sector. In this analysis only those fuel prices whose share “t-ratios” are above unity in absolute
value and whose associated coefficients have the expected sign are included in a share equation.
For example, if the own price of gas in a sector’s gas share equation has a positive sign or has a
t-ratio below unity, it is excluded from the equation. For fuels that are net substitutes or net
complements, the prices are included only if the t-ratios are above unity. In some cases prices are
combined as one variable (e.g., by using the difference between two fuel prices when there is
high multicollinearity between fuel prices). Before dropping a fuel price from an equation,
multicollinearity was checked to see if the prices could be combined in some way. When there
did not appear to be a simple way of combining prices, then this fuel was dropped from the
equation for the sector. In a few cases, no satisfactory share equation could be estimated. For
these variables it was usually assumed that their shares remained constant after 2020. For
example, this assumption is made for coal in the commercial sector, since no satisfactory fuel
share equation for coal could be estimated prior to 2020 in this sector.

C.2.2 Price Elasticities of Demand

The long-run price elasticities of delivered energy demand determine the price responsiveness of
demands to changes in fuel prices between 2020 and 2050. The implied price elasticities of
demand in each sector are first estimated by analyzing NEMS projected energy demands and
prices under the Business As Usual and Current Policy Direction scenarios. These quantities are
treated as data for the 1999-2020 period. Then the elasticities are estimated using a Koyck
distributed lag, which is a simple lag function with geometrically declining weights. After the
elasticities are estimated to year 2020, they are increased proportionately over time, so that the
long-run average elasticity of demand across all four sectors of the U.S. economy reaches 0.4 in
year 2050. The 0.4 value for the long-run average price elasticity of demand is taken from
Manne and Richels.104 Table C-3 shows the calculated average price elasticities of demand by
sector. These price elasticities are then applied in each year to adjust the delivered demand in
each sector to fuel price changes, which are iterated until convergence occurs.

                                                          
104 Alan S. Manne and Richard G. Richels, Buying Greenhouse Insurance: The Economic Costs of Carbon Dioxide
Emission Limits. (Cambridge, Massachusetts: The MIT Press, 1992), p.130.
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Table  C-3
Average Price Elasticities of Demand for the Residential, Commercial, Industrial, and
Transportation Sectors

Sector
Short-
Run

Long-
Run Static

Chosen
Elasticity

Business
as Usual

2020
Quantities
(Quads)

Current
Policy

Direction
2020

Quantities
(Quads)

Average
Quantities
(Quads)

Geometric
Average
Weights

Trial
Multipliers

Long-Run
Adjusted

Price
Elasticity

RES -0.169 -0.286 -0.285 13.2 11.8 12.5 0.14 1.90 -0.542

COM -0.245 -0.245 9.4 8.1 8.7 0.10 1.90 -0.466

IND -0.185 -0.202 -0.201 33.8 31.6 32.7 0.37 1.90 -0.384

TRANS ------ ------- -0.184 -0.184 36.5 34.8 35.6 0.40 1.90 -0.350

Total:
Average:

-0.211 92.9 86.4 89.6 1.00
Target:
-0.400

In the residential and industrial sectors long-run price elasticities were estimated to be -0.29 and -
0.20, respectively. In the commercial and transportation sectors separate short-run and long run
estimates for these elasticities were not calculated from NEMS results, because satisfactory lag
equations could not be estimated. For these two sectors static estimates were used as proxies for
the long-run elasticities: -0.25 in the commercial sector and -0.18 in the transportation sector.
The energy-weighted average for all four sectors is -0.21. To reach the adjusted total average
long-run energy price elasticity a multiplier was applied in each year after 2020. In year 2050 the
multiplier reached 1.9.

These estimated short-run demand price elasticities are close to those used in the DRI portion of
the NEMS model. The NEMS model price elasticities are given in Table C-4.105

Table  C-4
Short Run Price Elasticities in NEMS

Energy Consuming Sector Short Run Price Elasticity

Residential -.25

Commercial -.25

Industrial NA

Transportation -.20

                                                          
105 Impacts of the Kyoto Protocol on U.S. Energy Markets and Economic Activity, Energy Information
Administration, U.S. Dept. of Energy, October 1998, p. 156. These short-run elasticities were increased from
previously lower values on the assumption that energy consumers will exhibit a higher demand response when
energy prices increase significantly due to the imposed carbon taxes.
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The assumed long-run value for the total energy demand elasticity of –0.4 from Manne and
Richels is comparable to the elasticities used in other energy demand models. For example, in a
long-range projection model developed at Charles River Associates, the authors incorporate a
time varying price elasticity of energy demand for OECD countries that begins at -0.35 in 2000
and ends at –0.6 in 2030. 106 In another energy modeling study, Cooper et. al. using the Oxford
global model estimate long run demand price elasticities of –0.5 for most sectors.107

These demand projections translate into fuel shares, including electricity sales for each sector.
Figure C-1 shows these electricity sales projected for the Electricity Market Module.

US Electricity Sales 1990-2050 
(Billion kWh) 
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Figure  C-1
Projection of Electricity Sales by Consuming Sector, 1990-2050

C.3 Long Range Projection of GDP to 2050

Two related parameters in the VHCNEM2-2050 model are U.S. population growth and gross
domestic product (GDP). After 2020, long-range GDP and U.S. population growth are related by
a logistic function derived from GDP and population data. Data used to derive the logistic

                                                          
106 Paul M. Bernstein, W. David Montgomery, Thomas F. Rutherford and Gui-Fang Yang, “Effects of Restrictions
on International Permit Trading: The M2-MRT Model,” The Energy Journal (July 1999), pp. 221-256.

107 Adrian Cooper, Scott Livermore, Vanessa Rossi, Alan Wilson and John Walker, “A Cross-Country Quantitative
Investigation Using the Oxford Global Macroeconomic and Energy Model,” The Energy Journal (July 1999), pp.
335-366.
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relationship are GDP data from 1929 to 1997, NEMS projections of GDP from 1998 to 2020,
and U.S. Bureau of Census population data from 1929 to 1995 and its population projections to
2050. A logistic curve was fit to these data, as follows:

GDP(pop) = L/[1+aexp(-b(pop))],

where GDP is GDP, pop is U.S. population, L is an asymptotic upper limit beyond the period,
and a and b are parameters to be estimated.

The upper limit L was chosen so that the curve yields the smallest mean absolute percentage
error over the period 1929 to 2020, using historical data and NEMS projected values. The fitted
curve is then extrapolated to 2050, using the Bureau of Census population projections. The
resulting projections for the Business As Usual and Current Policy Direction cases are shown
below in Figures C-2 and C-3. Figure C-2 plots GDP versus U.S. population. In 1990 U.S.
population was 250 million. The reference case projections used in this analysis are 275 million
in year 2000, 323 million in 2020, and 394 million in 2050. Figure C-3 shows historical and
projected GDP by year to 2050.
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Figure  C-2
U.S. Real Gross Domestic Product vs. Population
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Long Range Projected GDP
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Figure  C-3
Projected Real U.S. Gross Domestic Product, 1929-2050

The relationship of energy consumption to GDP provides one measure of the energy efficiency
of the U.S. economy. Figure C-4 illustrates this relationship for Business As Usual, the Current
Policy Direction and the Carbon Glide Path to 2030.
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Figure  C-4
Energy Delivered to End-Users per Dollar of Gross Domestic Product, 1990-2050
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C.4 Feedback of Energy Prices on GDP

When the price of energy increases, there is a negative impact on GDP, which is measured via an
aggregate Cobb-Douglas production function. The feedback effect is quantified by the following
relationship between the percentage change in the price of energy and the percentage change in
GDP:

ln(GDP) = - ESH/(1 – ESH) * ln (Pe),

where ESH is the share of energy costs relative to total input costs (which include labor and
capital) and Pe is the weighted price of energy.108 Using this equation, the percentage change in
GDP is calculated between 2020 and 2050 for each scenario, and the yearly impacts between
2020 and 2050 are interpolated. For example, in the Current Policy Direction scenario the
constant dollar price of energy increases by 5.4% between 2020 and 2050; the energy share is
about 7%, resulting in about a 0.4% drop in GDP in 2050, relative to the value that would have
occurred if energy prices had stayed the same in constant dollars. The corresponding percentage
drop in GDP in 2050 for the Business As Usual case is about 1.7%, relative to the value that
would have occurred with constant energy prices. After accounting for the energy-related
changes, the relative change in the GDP between the two scenarios can be calculated.

C.5 Fuel Price Projections

Prices for oil, natural gas and coal are projected for each case from 2020 to 2050. These
projections extend the prices developed in NEMS from 1990 to 2020 for a variety of fuel
characteristics and delivery locations. For example, fuel prices delivered to electric utilities are
projected each year for seven different coal plant categories encompassing low, high and
medium sulfur coals delivered to thirteen demand regions. Although NEMS projects declining
real coal prices out to 2020, for the post-2020 analysis constant dollar coal prices are projected to
rise. This potential increase in coal prices reflects the opening of new mines, greater overburden
removal, and coal demand growth after 2020. In the emission reduction policy scenarios
considerable coal infrastructure would be abandoned by 2020. The advent of carbon
sequestration causes resurgence in coal demand, as described in prior chapters. By about 2040
coal prices applied in this study again approach today’s price levels.

Prices for distillate fuel, low sulfur and high sulfur residual oil track changes in the world oil
price. Prices for these fuels are projected for ten oil-consuming regions in the U.S.

Natural gas prices are projected for twenty-one regional delivery points in each year, where
regional basis differentials are maintained after 2020. Supply curves are used to represent
domestic production with separate supply prices and availabilities for imported liquefied natural
gas and Canadian gas. The domestic supply curves assume that the U.S. total gas resource base,
including proven reserves, probable and speculative resources, grows at a rate of one percent per

                                                          
108 The weighted price of energy changes when either individual fuel prices change or when the fuel shares change.
The change in the weighted price of energy changes the overall demand for energy, which, in turn, affects GDP.
These interactions are solved simultaneously in the VHCNEM2-2050 model.
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year between 1999 and 2050. Instrumental to maintaining a domestic reserve to production ratio
is the assumption that the U.S. moratorium on offshore drilling would be lifted in time to provide
additional supplies starting in 2022. For each scenario natural gas supply and demand are
balanced to determine the market clearing price and levels of domestic consumption, domestic
production and imports. Annual prices are shown in Table C-5.

Table  C-5
Projected U.S. Fossil Fuel Prices in 2000, 2020, and 2050

Distillate Oil:
Delivered to Electric

Generators
($97/MMBtu)

Natural Gas:
U.S. Average

Wellhead Price
($97/MMBtu)

Coal:
Price to Electric

Generators
($97/MMBtu)U.S. Carbon Reduction Policy

2000 2020 2050 2000 2020 2050 2000 2020 2050

Business as Usual 3.85 5.47 7.82 2.04 2.63 4.53 1.05 0.88 1.37

Current Policy Direction:
1990 + 9% = 1467 million metric
tonnes U.S. carbon emissions
after 2010

3.85 5.27 7.99 2.04 3.71 5.38 1.05 0.83 1.12

Glide Path to 2030:
Down to 1990 + 5% = 1415
tonnes after 2030

3.85 5.37 8.15 2.04 3.61 5.21 1.05 0.84 1.13

Source: TBD

Yearly wellhead prices for natural gas are shown in Figure C-5. The effects of removing the
moratorium on offshore drilling in 2022 and the annual balancing of supply and demand are
reflected in the price behavior over time.
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US Average Wellhead Price of Gas, 1990-2050
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Figure  C-5
U.S. Wellhead Price of Natural Gas, 1990-2050

Fuel prices, fuel shares and price elasticities along with the demand equations described earlier
determine fuel demands and ultimately primary fuel consumption in non-utility sectors. The
EMM determines electric utility capacity mix and fuel consumption for electricity production.
Quantities are iterated successively to determine market clearing prices for electricity and gas.
The resulting U.S. primary energy consumption is illustrated in Figure C-6.
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U.S. Primary Energy Consumption  1990-2050
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Figure  C-6
U.S. Primary Energy Consumption, 1990-2050

C.6 Carbon Emission Projections

The primary energy and fuel consumption projections allow carbon emissions to be calculated
using annual emission factors for each sector and fuel. For example, in the electric utility sector
carbon capture technologies, if they are simulated, will reduce the emissions for that portion of
power plants applying the technology. The following two graphs illustrate carbon emissions by
fuel projected from 1990 to 2050.
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U.S. Carbon Emissions by Fuel  1990- 2050
 (million metric tons per year)
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Figure  C-7
U.S. Energy-Related Carbon Emissions From All Sectors, 1999-2050
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Figure  C-8
U.S. Energy-Related Carbon Emissions From All Sectors, 1999-2050



Energy & Economic Projections From 2020 to 2050

C-15

C.7 Measuring Losses in Producer and Consumer Surplus Due to a Carbon
Tax

The imposition of a tax on a particular fuel at the point of consumption drives a wedge between
the price paid by the consumer and the price received by the seller. The extra cost imposed by
the tax, t, represents the sum of the value of consumption that is lost by consumers and the loss
in profits to the sellers. This triangle in the supply and demand curve relationship represents the
social cost of the tax, and it can be approximated by the formula:

L = 0.5 t (Q* - Q)

In this equation L is the loss to society caused by the tax; t is the tax rate per unit heat input for
the fuel or for a tonne of carbon emissions; Q is the market clearing quantity consumed without
the tax; Q* is the market clearing quantity with the tax, and P and P* are the corresponding
prices at those quantities. Table C-6 breaks down the tax between consumers, producers and
government:

Table  C-6
Distribution of Fuel Tax Payments

Estimated Costs/Revenues

Consumers -(P+t-P*)Q-.5(p+t-P*)(Q*-Q)

Producers -(P*-P)Q-.5*(P*-P)(Q*-Q)

Government  tQ

Total Societal Cost -0.5t(Q*-Q)

Source: TBD

Consumer and producer losses from the imposition of carbon taxes under the carbon reduction
scenarios can be calculated as the present value of the loss in consumer/producer surplus from
the annual losses over the period 2000-2050, using a 7% discount rate. No attempt is made to
account for differences in social discount rates between the current and future generations over
this period.

The greatest losses for consumers from the imposition of carbon taxes occur for petroleum
consumption, followed in sequence by natural gas and coal. The loss for coal is less than that for
natural gas, because most coal is consumed by electric utilities, which eventually adopt carbon
capture and sequestration technology that reduces the effective tax per Btu consumed, while
most natural gas consumed is in non-utility sectors.
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D 
GENERATING TECHNOLOGY ASSUMPTIONS
THROUGH 2020 AND 2050

D.1 Importance of Electric Generating Technology Advance in the E-EPIC
Study

The pace at which ambitious environmental initiatives could actually be implemented, while
managing potential disruptions and risks will strongly depend on the speed, smoothness, and
costs of energy technology changes. In this study the National Energy Modeling System (NEMS)
developed by the Department of Energy’s Energy Information Administration (EIA) was used in
concert with separate “off-line” analyses, in order to examine potential consequences of
proposed environmental policies that would strongly affect the U.S. energy system in the coming
decade and beyond (“Current Policy Direction” or CPD). The advance of energy technologies
will significantly influence what the U.S. energy system will look like over the 20-year time
horizon for which NEMS has typically been applied. The longer 2050 time horizon evaluated in
this study makes assumptions about technology advance even more important, and yet more
uncertain.

Unprecedented environmental restrictions would increase the importance of technology advance,
by making some prevalent energy technologies uneconomic, thus, accelerating the need to
develop, invest in, deploy and use new technologies. Technology advance is especially important
in the technology- and capital-intensive electric generating sector. This sector is generally
considered to be able to develop, invest in and deploy capital-intensive technologies requiring e
many years to pay off. For this reason, plus its extensive reliance on coal, the electric generating
sector is projected to bear a large share of the burden of change under ambitious environmental
initiatives represented by CPD. Therefore, the E-EPIC study has focused especially on the
electric generating sector. Key assumptions regarding generating technology advance and
deployment are summarized in this Appendix. All tables (but not the sole figure) are at the end of
this Appendix.

D.2 General Approach and Rationale

To base this study on the recognized NEMS model, it was decided that the projections through
2020 would retain generating and other technology assumptions from the version of NEMS used
by EIA to produce its Annual Energy Outlook 1999 report (“AEO99”).109 AEO99 technology
assumptions as well as the full NEMS simulations combining all energy sectors (not just electric

                                                          
109 Annual Energy Outlook 1999 with Projections to 2020, DOE/EI2-0383(99), December 1998.
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generation) are designed to extend through year 2020, which has typically been the time horizon
for recent studies using NEMS. However, the objectives of the E-EPIC study require looking
beyond 2020, especially for the electric generating sector with its long-lived assets and key role
under the policies examined. Therefor, the capability was developed to extend NEMS’s
modeling of the electric generating sector through year 2050. The part of NEMS treating the
electric generating sector is referred to as the Electricity Market Module or “EMM,” and its
extension to 2050 is referred to as the “extended EMM.” This extended EMM was linked to
separate, less detailed “extended” modeling developed to treat the responses of the residential,
commercial, industrial and transportation sectors after 2020, by extending pre-2020 results of
each NEMS scenario and accounting for post-2020 changes to each sector’s behavior and
responses to energy prices. The overall extended methodology is described in Appendix C.

For making these extended projections, assumptions were developed regarding generating
technology advance beyond 2020, out to 2050. The remainder of this Appendix first summarizes
generating technology assumptions through 2020, and then summarizes the post-2020 generating
technology assumptions. A major consequence of the analytic approach is that generating
technology advances and alternatives beyond those included in the AEO99 “reference case” are
not allowed to be deployed until 2021 or later.110 As discussed in the chapter on Technology
Leadership, this means that assumed policies imposing dramatic near-term environmental
restrictions (especially carbon reductions) would initially be implemented using pre-2020
technologies, rather than waiting for later, perhaps more economical or sustainable technologies
to be available. Not only does CPD entail such dramatic pre-2020 restrictions, but so would
some of the more gradual alternative policies that could be considered.111 In fact, a key finding of
this study is that it will take faster and more diverse technology advances than represented by
EIA’s pre-2020 AEO99 reference case assumptions to avoid substantial energy system risks and
disruption under environmental policies that approach the “Current Policy Direction” (CPD) in
their severity and timing.

D.3 Generating Technology Assumptions Through 2020

Since it was determined that the “base” set of pre-2020 generating technology assumptions used
in this study would adhere to assumptions used for EIA’s AEO99 reference case, key AEO99
generating technology assumptions and their implications are summarized here. In general, these
assumptions are provided in the form of data input to NEMS simulations. These data can be
varied to examine the consequences of alternative assumptions. However, computation logic in
the NEMS model itself defines the manner and the limits for applying these technology
assumptions.

The different generating technologies available for selection and deployment over time are
characterized by a variety of characteristics, some of which are assumed to be constant, while

                                                          
110 Earlier in this project, separate “high” and “low” technology advance assumptions were developed both through
2020 and for later years. Under the “high” advance assumptions, additional generating technology advances beyond
those assumed under the AEO99 reference case were permitted before 2020. The final analyses described in this
report only include “base” technology assumptions.

111 This includes the “Carbon Glide Path to 2030” examined in the E-EPIC study.
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others are allowed to evolve over time. Tables D-1 and D-2 summarize some of the most
important characteristics for those generating technologies of greatest importance or interest
under the scenarios examined. Two technology characteristics explicitly treated as evolving over
time are overnight112 capital costs and heat rates (efficiency in converting fuel to electricity).
(Certain intermittent renewable generating technology capacity factors are also assumed to
improve over time.) For advanced technologies consuming carbon fuels, the heat rate is assumed
to be lower for later additions, dropping linearly through year 2010 (or through 2020 for
advanced biomass-based technology), then remaining constant through 2020 (Table D-1).

Capital costs per kilowatt of generating capacity are initially specified as “fifth-of-a-kind” costs
(see Table D-1), applicable to the fifth “typical” unit built, i.e., incurred when total cumulative
GW added for a technology reaches five times the assumed typical unit size, such as a 400 MW
typical unit size for advanced natural gas-fired combined cycle technology. Then, working both
backwards (fewer than five typical units cumulatively added) and forwards (more units added),
the capital cost per kilowatt is assumed to drop X percent for every doubling of capacity up
through 5 typical units of cumulative additions, Y percent for every doubling between 5 and 40
typical units, and Z percent for every doubling beyond that. (The actual formula is continuous, so
that it is not necessary to have a discrete number of doublings.) These values X, Y and Z are
10%, 5% and 2.5% respectively, for “advanced” technologies including coal integrated
gasification combined cycle (IGCC), natural gas combustion turbine or combined cycle,
advanced nuclear, and non-hydro renewables. (The exception is the 8%, 5% and 5% values for
wind turbines.) For conventional (not advanced) technologies, including pulverized coal and
“conventional” gas combustion turbine and combined cycle technology, capital cost per kilowatt
is assumed to drop 2.5% for every doubling of capacity, but only after 40 “typical” units of
capacity have been added, so that X, Y and Z are 0, 0, and 2.5%, respectively.

This methodology is intended to represent the effect of “learning” in bringing down capital costs
as more MW of a new technology are deployed over time. In addition, the assumed capital cost
for additions of an advanced technology up until the “fifth-of-a-kind” are further increased by a
“technological optimism” multiplier that starts out as 1.12 (advanced gas turbine technology,
solar photovoltaics), 1.16 (coal IGCC, fuel cells) or 1.19 (biomass IGCC, advanced nuclear,
solar thermal) and declines linearly with cumulative additions to reach 1.0 by the time the “fifth-
of-a-kind” unit is added. This is intended to represent the assumed tendency to underestimate
what it will cost to start building a commercially untried technology. Information on deployment
of technologies overseas is used to push certain advanced technologies forward on their
“learning” curves, giving them a slight head start on “learning.”

The consequence of simulating a “learning” effect on capital costs of advanced generating
technologies is that the first few units added are especially costly. When units are added, costs
come down, rapidly at first but more slowly after larger amounts have been added. This can
mean high costs and delayed penetration for technologies that are not initially competitive, but it
can also mean very rapid decline in capital costs for technologies that are added rapidly, without
                                                          
112 Overnight capital cost represents capital expenditure if incurred at one point in time (subsequently modeled as
being spent over a technology-specific “construction lead time”). Overnight capital cost includes technology-
specific contingency cost adders, but excludes inflation, financing (“cost of money,” including allowance for funds
used during construction representing financing costs even before the in-service date), and multipliers accounting for
regional variation in labor and other cost factors.
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any limit to how many MW worth of “learning” are allowed in a single year. For example,
advanced natural gas-fired combined cycle technology has relatively low assumed capital costs
that quickly decline in the first few years due to projected rapid deployment, having already
declined by year 2000. (Construction costs established for year 2000 represent units on line in
2003, due to this technology’s assumed three-year construction lead-time.) This rapid cost
decline occurs under EIA’s AEO99 reference case (essentially identical to E-EPIC’s BAU
scenario out to 2020) and also under E-EPIC’s “Current Policy Direction” (CPD) scenario
(Figure D-1). These costs subsequently decline more slowly once the “40th typical unit” (16
cumulative GW) has begun construction, which has already occurred by year 2000 in these
simulations. In contrast, advanced coal IGCC technology is projected to be added at a much
slower rate under EIA’s AEO99 reference case (or E-EPIC’s virtually identical BAU scenario),
so that costs decline moderately over the entire 2000-2020 period.113 In contrast, under CPD no
advanced coal IGCC is added between 2000 and 2020 due to carbon emission penalties, so that
the projected capital cost of adding the next unit of coal IGCC capacity stays high over the entire
period. For advanced biomass IGCC technology, additions are projected to be faster under CPD
than under the AEO99 reference case (or the E-EPIC BAU scenario) due to carbon emission
penalties, so that the simulated capital cost per kilowatt drops more rapidly under CPD (Figure
D-1).
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Figure  D-1
Example Capital Cost Decline With Cumulative Additions Due to “Learning”

                                                          
113 In absolute terms, the cost decline as graphed appears more dramatic than for gas combined cycle technology
because coal IGCC capital costs per kilowatt are much higher and unlike for the advanced gas technologies have not
been simulated to decline substantially by construction year 2000. Also, coal IGCC is given a higher “technological
optimism” multiplier elevating the first few units’ capital costs.
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This methodology of modeling capital costs has several noteworthy implications for the E-EPIC
study and its examination of environmental policies. The methodology gives a rapid initial
decline in modeled capital costs for rapidly added advanced gas turbine technology.114 On the
other hand, it gives no decline in capital costs over time for an advanced technology as long as
that technology is not being added, such as for coal IGCC under CPD, which is penalized for its
carbon emissions relative to other technologies. Also, it provides no sharing of “learning”
benefits for technologies that share a dependence on common technology. Thus, deployment of
natural gas combined cycle technology is not assumed to provide “learning” benefits for
advanced coal or biomass technology that are assumed to use combined cycle combustion of
fuel, and there is no sharing of “learning” between advanced coal and biomass technologies, both
of which are assumed to rely on gasification of solid, carbon-based fuels.

In NEMS simulations, generating technologies are selected for deployment and retirement over
time based on their calculated contribution to electricity supply costs (including reliability or
loss-of-load costs) within each of 13 electricity market regions.115 The deployment and retirement
logic takes into account various assumed characteristics of the technologies, such as summarized
in Tables 4-1 and D-2. It also takes into account fuel prices, emission penalties and generating
system dispatch, all projected in a simplified “look-ahead” manner over a 30-year time horizon116

for each of the 13 electricity market regions.117

In the past, renewable generating technologies have played a minor role in most energy
projections. Now, proposals for substantial restrictions on carbon emissions such as included in
this study’s CPD have made these technologies relatively more competitive. Modeling of the
selection and deployment of renewable energy-based generating technologies presents some
difficult challenges due to their unique dependence on particular renewable resources and due to
immature commercial and even technological status. Since some of these renewable technologies
are projected to play significant roles in the event of carbon restrictions, the remaining discussion
of pre-2020 generating technology assumptions discusses key aspects of EIA’s assumptions and
methodology regarding these technologies for the AEO99 reference case. The focus is on wind
and biomass, the two renewable energy-based generating technologies playing the most
substantial role in E-EPIC projections. Some important assumptions and methods are as follows:

                                                          
114 However, capital cost is a smaller part of total costs than for other advanced technologies.

115 The regions are based on NERC (North American Electric Reliability Council) regions.

116 A simplified regional system dispatch is actually simulated for the first 5 years then extrapolated for the
remaining 25 years. Capital recovery is typically assumed to be completed in 20 years.

117 There are a few other considerations. For example, “risk premiums” moderately increase the effective cost of
money for technologies with long construction lead times to reflect greater vulnerability to  unfavorable conditions
developing by the time a unit is ready to operate. Implemented several years ago by EIA, this feature does not
account for the possibility that under deregulated market conditions plants may also be very vulnerable to uncertain
fuel prices and environmental penalties, since under full competition there would be no “pass-through” for such
costs as there is for many regulated utilities.
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D.3.1 Wind Site Availability

Windy land area available for development of wind turbine generation in each of 13 regions is
estimated for each of three windy land classes 6 (the best), 5 and 4, based on wind quality and
land availability estimates produced at Pacific Northwest Laboratory under a “moderate”
exclusion scenario. This exclusion scenario assumes what portions of different types (current
land uses) of windy class 4-6 land in each region will be unavailable for development.118

Resulting available windy land area is further subdivided into three transmission buffer zones,
consisting of land 0-5, 5-10 and 10-20 miles, respectively, from existing transmission lines. This
gives 9 windy land categories in each region (3 wind classes x 3 transmission buffers). The
resulting sq. km. of “windy land” available for development in each region are summarized in
Table D-3. In each region, wind turbine expansion starts with the closest transmission buffer
zone in class 6 (most windy) land. When that land is exhausted, expansion moves on to the
intermediate and then the most distant transmission buffer zones on class 6 land, then on to class
5 land, and so on. Most of the class 6 (best) sites are in the west. Under CPD, various regions are
projected to use between 10 and 30 percent of the available wind turbine sites, except that the
windy Rocky Mountain/Arizona and Northwest portions of WSCC, along with MAPP and SPP
regions (on the windy plains) are projected to use about 3% or less of their abundant windy sites
(Table D-4).

D.3.2 Wind Energy System Transmission Cost Adders

Transmission cost adders are projected for connecting the remote, dispersed wind energy
systems to the grid. Varying by region, these adders range from about $8 to $15 per kW for
buffer zone 1 (0-5 miles from existing transmission), $25 to $44 per kW for buffer zone 2 (5-10
miles) and $50 to $89 per kW for buffer zone 3 (10-20 miles).

D.3.3 Wind Energy per Square Km

Annual kilowatt-hours per sq. km. is calculated assuming a representative turbine with annual
generation of 1080, 1203 and 1381 kWh per square meter of swept rotor area for wind classes 4,
5 and 6, respectively, kept constant over time. Each sq. km. of windy land is assumed to contain
5000π sq. meters of swept rotor area (also constant over time), giving about 17,000, 19,000, and
22,000 annual MWh per sq. km., for wind site classes 4, 5 and 6 respectively. Thus, for each of
three wind site classes, annual kWh per sq. km. does not improve over time, but since the
capacity factors improve over time, the MW required to produce a given kWh drops over time.
The best (class 6) windy sites produce about 28% more energy per sq. km. than the lowest
quality (class 4) sites (constant over time), but due to their higher assumed capacity factors,
support only about 4-9% more kW per acre.

                                                          
118 Exclusion of certain “windy” lands includes all environmentally protected lands, 50% of forestlands, 30% of
agricultural lands, and 10% of range and barren lands.
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D.3.4 Wind Turbine Capacity Factors

For each of three wind site classes 6, 5 and 4 (average annual wind speeds 14.5+, 13.4-14.5 and
12.4-13.4 mph), assumed capacity factors are used to determine the amount of MW needed to
produce the projected kWh. The assumed annual wind generation capacity factors are as follows.

Year Class 6+ Class 5 Class 4

2000 0.32 0.29 0.26

2005 0.34 0.31 0.28

2010 0.36 0.33 0.30

2015 0.38 0.35 0.32

2020 0.40 0.37 0.34

Projected wind energy system generation varies over the different seasonal and time-of-day load
segments, separately for each region, all scaled based on the annual capacity factors.

D.3.5 Solar Photovoltaic Grid-Connected Generation Capacity Factors

The cost per kilowatt-hour depends heavily on the assumed capacity factors, which depend on
both technology advance and solar insolation. Since insolation varies by region, season and time
of day, so do modeled capacity factors. AEO99 NEMS documentation gives the typical capacity
factor as 28% in 2000 increasing to 30% in 2020.119 The actual modeled capacity factors are input
as seasonal/time of day arrays for each region, which are all adjusted (multiplied) by a single
“solar efficiency improvement factor” that rise over time. The improvement factor starts at 1.0
(1990-2000), increases to 1.1 by 2015, then remains constant through 2020. This is not to be
confused with basic efficiency in converting energy in solar radiation into electrical energy,
where improvement in this conversion efficiency helps lower the projected capital cost per kW,
since kW refers to electrical output.

D.3.6 Biomass Fuel Supply

Even with technology advances in “hardware,” deployment of biomass-based generation
depends strongly on the development and cost of a biomass fuel supply. NEMS employs biomass
supply curves (price versus quantity) for each of the 13 regions, developed from studies and
modeling of the different sources that would make up the biomass supply: urban wood waste,
crop residues, forest/mill residues and new energy crops. The first three sources are “opportunity
fuel” in that they would already be available from existing economic activity, and they initially

                                                          
119 This apparently reflects values for the California/Nevada region.
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dominate the projected economically usable supply. Beyond 2010, energy crops make up a
growing portion of projected biomass supply.120

Under BAU, projected growth in biomass-based generation is slow and utilizes largely
opportunity fuel, while under CPD projected growth is much higher and would require
consuming new energy crops whose development would presumably be motivated by higher
electricity prices under carbon restrictions. However, over half of the biomass supply projected
for electric generation in year 2020 under CPD still comes from the opportunity fuel portion of
the supply curves. These supply curves contain numerous price steps in each of 13 regions, but
the projected U.S. supply for year 2020 is summarized in a much more aggregated manner in
Table D-5. Under CPD by 2020, the high levels of biomass generation projected for ERCOT,
MAIN, SERC and SPP all entail substantial use of projected new energy crops. Biomass prices
include the cost of transportation, assumed to be by truck from a distance of 35 miles. Post-2020
growth in biomass-based generation would especially rely on expansion of energy crops.

D.3.7 Limits on Intermittent Generation

Intermittent generation such as from wind- and solar-powered systems is limited to 10% of total
generation in any region, due to reliability considerations. Under scenarios with very stringent
carbon restrictions favoring renewable generation, this could limit projected wind turbine
deployment in western regions with abundant wind resources.

D.3.8 Limits on Interregional Electricity Exchange

Within each of the 13 electricity market regions, generating capacity is assumed to be selected
and deployed to meet projected loads within that region, and subsequent export of generation to
other regions is limited by the interregional transmission system in place. This constraint affects
all kinds of generating technology, and could be important for renewable technologies that
depend on resources concentrated in certain regions. (Also, projected biomass supply for electric
generation is not transported between regions.)

D.3.9 Annual/Regional Limit on Renewable Generation Technology Expansion

There is a limit placed on the annual expansion of each renewable technology in each region, set
at 1 GW per year. Under carbon restriction scenarios, this can slightly slow the projected
expansion of the most attractive renewable technologies, such as biomass and wind.

D.3.10 Short-Term (Bottleneck) Capital Cost Multipliers

For every one percent by which projected annual nationwide expansion of geothermal, biomass,
solar or wind generating technology exceeds a threshold currently set to 20% of the previous
year’s stock (GW) in place, the assumed capital cost for that technology is increased by one
                                                          
120 However, no modeling of energy crop production was available for the three westernmost regions (all in the
WSCC NERC region). NEMS includes only opportunity fuel in these regions’ biomass supply.
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percent. This is intended to represent potential bottlenecks such as in supply of generating
hardware, when rapidly deploying an immature technology. This would only slightly slow
NEMS’s projected deployment of these technologies.

D.3.11 Long-Term (Site Access) Capital Cost Multipliers

For biomass, wind and geothermal generating technologies, as projected expansion within any
region reaches a higher percentage of the assumed maximum available renewable resource,
assumed capital cost is increased as shown in Tables D-6 and D-7 for wind and biomass,
respectively. (The maximum possible deployment is based on assumed available windy sites,
biomass fuel, or geothermal sites.) This is intended to reflect increasing difficulties not already
captured in the modeled capital, operating, transmission and fuel costs, as more sites and
necessary resources are consumed. For example, such difficulties might entail environmental and
land use permits, social and political resistance, and infrastructure or site development problems
not otherwise addressed. At the levels of deployment projected in the CPD scenario, these long-
term constraints appear to be beginning to come into play by 2020, for wind in most regions and
biomass in a few regions. They become more important by 2050.

D.4 Post-2020 Generating Technology Assumptions

As noted, the E-EPIC study considered a time horizon extending out to 2050, in order to address
longer term effects of environmental initiatives on the U.S. energy system, including the
deployment and fate of long-lived assets and infrastructure for generating electricity. Use of the
extended version of NEMS ‘s Electricity Market Module (the “extended EMM”) out to 2050
required extending the generating technology assumptions. This long time horizon offers
considerable potential for technology and fuel market change and means that there could be large
amounts of generating capacity additions over this extended period. Stringent environmental
requirements such as carbon caps only increase this potential. Thus, assumptions regarding
generating technology advance are very important for the post-2020 picture of the energy system
that is produced using NEMS.

Five main guidelines or objectives were used in developing post-2020 generating technology
assumptions for this study, a study emphasizing environmental initiatives and their impact on the
energy system.

1. Continue with Pre-2020 Technologies. Pre-2020 Technologies based on the EIA’s AEO99
reference case and used in this study’s pre-2020 projections were assumed to continue to be
available beyond 2020.

2. Add Key, Generic Technology Types Beyond 2020. Additional technology advances
assumed beyond 2020 cover a sufficient range of technology types (coal, gas, renewables) to
develop an informative picture of how long-term energy system prospects and risks could be
improved or threatened by pre-2020 policies, including environmental restrictions. This
initial use of the new, extended (post-2020) NEMS Electricity Market Module applied a set
of added, generic technologies that is intended to be informative, but not as detailed or
comprehensive as before 2020.
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3. Allow Capital Costs to Improve Over Time, Without Deployment-Dependent
“Learning.” For the post-2020 technologies, not only heat rates but also the capital costs
were modeled as improving continuously over time regardless of levels of deployment. This
omits the potentially desirable feature of having capital cost advances depend on “learning”
due to deployment. However, it has the benefit of giving more transparent results that avoid
potential distortions and confusion that may arise from modeling “learning” for generic post-
2020 technologies or technology families over a long period starting 20 years from now. For
example: When does “learning” have to start anew because a qualitatively different
technology has taken over? How much “learning” can occur in any one year of such a
lengthy period? Wouldn’t a broad category of technology benefit somewhat from general
technology advance over such a long period, even if that technology its not itself being
deployed? Wouldn’t all combined cycle, all gasification and/or all fuel cell technologies
share certain “learning” benefits even if using different fuels, i.e., coal vs gas vs biomass?
How much will overseas applications of a technology contribute to its advance? When not
explicitly modeling “learning with deployment,” the risk that prolonged absence of
deployment might jeopardize assumed advance of a technology is more transparently
addressed through applying judgement in interpreting modeling results.

4. Include Carbon Capture. Variants of the most advanced gas- and coal-fired technologies
are assumed to be available that capture, transport and sequester fuel carbon, at considerable
cost.

5. Higher and Lower Rates of Technology Advance. Tentative sets of “high” and “low”
technology advance assumptions were developed, starting before 2020 and diverging more
(high vs. low) after 2020. Alternative assumptions were developed not only for basic
technology characteristics such as summarized in Tables D-1 and D-2, but also for carbon
capture/sequestration and for constraints on renewable technologies’ deployment and access
to renewable resources, such as sites and biomass fuel. However, the final report reflects only
the “base” set of technology assumptions, before and after 2020.

Key assumed characteristics for generating technologies available after 2020 are summarized in
Tables D-8 and D-9. Varied sources were considered in developing these assumptions (see
references at the end of this Appendix). Nevertheless, how electric generating technology might
change this far into the future is clearly very uncertain. Advanced pre-2020 coal- and natural gas-
based technologies are assumed to advance somewhat after 2020 via moderate decline in capital
costs, but after 2020 are supplemented with more advanced “future” versions — both with and
without carbon capture. These “Future Coal” and “Future Gas” technologies represent generic
technology families rather than specific technologies, which would be difficult to predict 20-50
years into the future. “Future Coal” and “Future Gas” are viewed as representing a mix of
individual technologies, in which not only would individual technologies evolve, but so would
the mix of technologies. In particular, the roles of hydrogen fuel, fuel cells and fuel cell/turbine
hybrids in the technology mix could increase over time. (This situation is one reason why it was
decided not to explicitly model “learning with deployment” for these “technology families.”)

Substantial post-2020 advance was also assumed for three key renewable technology types:
biomass, wind and photovoltaics. Post-2020 biomass technology’s assumed characteristics are
similar to those for “Future Coal,” but with somewhat higher costs and heat rates due primarily
to the assumed smaller sizes of economically viable plants when relying on biomass fuel. The
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remaining technologies (conventional gas, other renewables, advanced nuclear) were assumed to
retain their pre-2020 (AEO99) characteristics, which does not preclude projected post-2020
capital cost decline through continued deployment and “learning.”

Four aspects of the post-2020 technology assumptions deserve additional explanation. These
areas are carbon capture, biomass fuel supply, wind and photovoltaic system capacity factors,
and extrapolation of pre-2020 constraints placed on long-term deployment of renewable energy-
based technologies.

D.4.1 Carbon Capture

Carbon capture from fossil fuels is feasible today using a variety of methods involving chemical
and physical absorption and adsorption, as well as membranes or cryogenics. It is in fact used in
industrial applications. Transport and sequestration of carbon are also feasible using methods
available today and, in fact, are done to a very limited extent for economic reasons (e.g.,
enhanced oil and coalbed methane recovery). For the E-EPIC study, carbon capture and
sequestration versions of “Future Gas” and “Future Coal” generating technologies were
characterized by extrapolating (assuming reasonable advances in) known carbon capture
technologies and by assuming typically reported costs (dollars per ton) for transporting and
sequestering the captured carbon. It is assumed that pre-combustion capture of carbon will
become increasingly viable as greater use is made of both gasification and hydrogen fuel. After
production of hydrogen fuel (such as by steam reforming), subsequent processes (e.g., shift
reactions) would increase the concentration of CO2 in the synthesized fuel gas, making its
removal more economic per ton removed. In this case, the ultimate fuel would be largely
hydrogen. The mix of synthesized fuel would presumably be optimized for a combination of fuel
value and carbon capture. A great range of costs is reported for transporting and sequestering
captured carbon, with the highest costs representing the retrofitting of a carbon transport system
to a single existing coal-fired plant a long distance from the carbon sink. However, in this study
carbon transport/sequestration costs were modeled as adders to plant variable O&M (Table D-9)
and are based on new plants (most likely groups of plants) located to take advantage of the best
carbon sequestration opportunities. Ultimately, an important question is how much carbon could
be sequestered in this manner before the lowest cost carbon sinks are exhausted.

D.4.2 Biomass Supply

Under “base” assumptions, the quantity (Btu) of post-2020 biomass supply stays fixed at its 2020
level for each of the regions, but prices for the energy crop portion of this supply decline due to
crop yields improving 3% per year. Coupled with what is already a large projected potential
biomass supply for year 2020 (at least under carbon restrictions), this gives a considerable supply
of moderately priced biomass by 2050 (Table D-10).121 This results in biomass accounting for
about 5% of total projected U.S. generation by 2050 even under BAU (without carbon
restrictions), due to rising gas prices and improving technology for using biomass. This projected
biomass supply could be overly optimistic, especially considering competing uses for arable

                                                          
121 Containing only opportunity fuel and no energy corps, the biomass supply curves for the three NEMS electricity
market regions within the WSCC NERC region do not change beyond 2020.
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land. Alternative projections using plausibly less favorable biomass supply as part of a “low”
technology advance case would give lower biomass-based generation.

D.4.3 Wind and Photovoltaic System Capacity Factors

Part C of this Appendix summarized the pre-2020 assumptions regarding capacity factors for
wind energy and photovoltaic systems. Beyond 2020, photovoltaic capacity factors were
assumed to increase further (more kWh for each kW paid for), so that by 2050, they are higher
than in 2020 by a factor of 1.16.122 This improvement over time is applied across the board for all
regions and all seasonal/time-of-day load segments. This could reflect increased use of tracking
systems. Similarly, capacity factors for new wind turbines on class 6, 5 and 4 windy lands, after
reaching 40%, 37% and 34% respectively by 2020, are assumed to continue growing over time
to reach 42%, 39% and 36% by 2050.123 Furthermore, unlike the pre-2020 projections, the annual
kWh per swept rotor area (and therefore, per square km.) is assumed to grow at the same annual
percentage rate as the capacity factors, rather than being constant. This could reflect taller wind
energy systems.

D.4.4 Long-Term Constraints to Deployment of Renewable Generation

As described above in part C of this Appendix, NEMS uses several kinds of constraints that limit
the deployment of renewable generating technologies below what would otherwise be projected
based on assumed technology characteristics and the renewable resource base. These constraints
were continued past 2020. The constraints can be divided into short-term constraints (e.g.,
assumed bottlenecks) that slow projected deployment of these immature technologies and long-
term constraints that limit the ultimate penetration achieved. Long-term constraints are the more
important of the two by 2020 and especially after 2020. The long-term constraints include limits
on electricity exports to other regions (transmission limits affecting all generation), limits on
intermittent generation (affecting wind and photovoltaics) and long-term supply elasticities
(capital cost multipliers) that become more limiting as a region uses a higher percentage of its
assumed maximum available wind sites, biomass supply or geothermal sites. Under CPD, these
long-term elasticities contribute to limiting projected post-2020 deployment of wind and biomass
technology (Tables D-10, D-11).124 With stringent carbon restrictions but without these long-term
elasticity constraints (and perhaps even to some extent with them), the interregional transmission
limits and the limits on intermittent generation might come into play in limiting projected
deployment, especially for wind.

Clearly, a better picture of the viability and risks of different “solutions” to the greenhouse gas
dilemma, particularly the roles and limitations of different technologies, requires closer and more

                                                          
122 The NEMS “improvement factor” grows from 1.1 in 2020 to 1.28 by 2050.

123 These are annual averages for scaling. Wind turbine generation is simulated using capacity factors that vary over
the different seasonal/time-of-day load segments, separately in each of the thirteen regions.

124 Experimentally removing these constraints approximately doubled projected additions of both biomass-based and
wind-based generating systems between 2020 and 2050, affecting virtually all regions, some more than others.
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fundamental examination of nascent renewable technologies and their deployment. This includes
but is certainly not limited to using NEMS to help test alternative assumptions regarding
technology advance and deployment.
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Table  D-1
Key Electric Generating Technology Assumptions Through 2020: Typical Unit Size, Year
Available to Operate, Construction Lead Time, Capital Costs, Heat Rates

Capital Cost, 1997$/kW
<1> Heat rate, Btu/kWh

Technology

Unit
Size,
MW

Year First
Available

to Operate

Lead
Time,
Years

“Fifth-
of-a-
kind”

Year
2000

Year
2020

In
2000

In
2010

In
2020

Coal IGCC 428 2001 4 1091 1202 924 7969 6968 6968

Conventional
Gas Combined
Cycle

250 2000 3 445 442 432 7687 7000 7000

Advanced Gas
Combined
Cycle

400 2000 3 405 424 318 6927 6350 6350

Conventional
Gas
Combustion
Turbine

160 1990 2 329 311 302 11467 10600 10600

Advanced Gas
Combustion
Turbine

120 1999 2 325 293 253 9133 8000 8000

Gas Fuel Cell 10 2003 2 1570
<1>

1869 1823 5787 5281 5281

Biomass IGCC 100 2005 4 1448 2205 1304 9224 8889 8219

Wind 50 2000 3 776 1109 726
<2>

NA NA NA

Photovoltaics 5 2000 2 2903
<1>

4076 2387 NA NA NA

Note: Values applied to NEM2-selected capacity additions, not necessarily to planned/pre-specified
additions.

<1> Year 2000 and 2020 values are for the AEO99 reference case as reported in assumptions to AEO99
(Tables 43 and 44) published on EIA’s website. Faster additions and consequently faster “learning” than
in the AEO99 reference case would give faster capital cost decline and slower additions would give
slower decline (e.g., slower coal IGCC additions under carbon policy). NEMS input data used for the E-
EPIC study, presumably representing AEO99 assumptions, give slightly different “fifth-of-a-kind” costs of
$1458/kW for natural gas fuel cell and $3224/kW for photovoltaics. This discrepancy is immaterial, since
these technologies would not be selected out to 2020 with either set of costs.

<2> In 2015, since a value was not cited for 2020.
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Table  D-2
Key Electric Generating Technology Assumptions Through 2020: Operating and
Maintenance Costs, Outage Rates, and Emissions

Operating and
Maintenance Costs Outage Rates

Emissions
lb/mmBtu

Technology

Fixed,
1997$ per
kW-year

Variable,
1997$ per

MWh Forced Planned SO2 NOx

Coal IGCC 31.8 0.78 4.1% 8.2% 95%
removal

0.02

Conventional Gas
Combined Cycle

15.2 0.51 5.5% 4.1% 0 0.02

Advanced Gas
Combined Cycle

14.1 0.51 5.5% 4.1% 0 0.02

Conventional Gas
Combustion Turbine

6.3 0.10 3.6% 4.1% 0 0.08

Advanced Gas
Combustion Turbine

8.9 0.10 3.8% 4.1% 0 0.08

Gas Fuel Cell 14.6 2.0 7.4% 1.9% 0 0

Biomass IGCC 43.5 2.8 <1> 8.2% 0 0

Wind 25.9 0 <2> <2> 0 0

Photovoltaics 9.8 0.13 <2> <2> 0 0

Note: Values applied to NEM2-selected capacity additions, not necessarily to planned/pre-specified
additions.

<1> Instead of forced outage, biomass IGCC is given a specified 80% capacity factor.

<2> These intermittent technologies are given capacity factors varying by region and season/time-of-day
load segment, scaled to give target annual capacity factors that grow over time, as discussed elsewhere.



Generating Technology Assumptions Through 2020 and 2050

D-16

Table  D-3
Windy Land Available for Development for Each Region, by Transmission Buffer
(Distance) and Wind Class – (sq. km.)

Transmission 0-5 miles 5-10 miles 10-20 miles

Wind Class 6+ 5 4 6+ 5 4 6+ 5 4

ECAR 0 30 284 0 9 115 0 22 127

ERCOT 0 0 359 0 0 395 0 0 745

MAAC 0 0 885 0 0 379 0 0 130

MAIN 0 0 0 0 0 0 0 0 0

MAPP 0 5111 84505 0 4196 51477 0 5771 61997

NY 0 13 275 0 18 115 0 11 79

NE 8 219 391 4 123 230 13 196 144

FL 0 0 0 0 0 0 0 0 0

SERC 8 32 83 4 26 48 3 23 39

SPP 0 0 33294 0 0 19649 0 0 19399

NW 3907 3041 11075 2520 1754 7268 3639 2453 9792

RK/AZ 1432 50 12132 785 58 7415 1107 97 6661

CA/NV 794 343 706 264 177 252 89 126 206

Table  D-4
Projected Wind Energy System Capacity by 2020 Under “CPD”

Approximate land use relative to windy land assumed to be available.

Sq. Km. Available, by Class Projected Use by 2020 Under CPD <1>

Wind Class 6+ 5 4 Total GW Approx. Sq. Km. Used

ECAR 0 61 526 0.8 130

ERCOT 0 0 1499 2.6 430

MAAC 0 0 1394 1.3 220

MAIN 0 0 0 0 0

MAPP 0 15078 197979 6.3 1050

NY 0 42 469 0.3 50

NE 25 538 765 1.2 200

FL 0 0 0 0 0

SERC 15 81 170 0.5 80

SPP 0 0 72342 6.9 1150

WSCC/NW 10066 7248 28135 9.9 1520

 “ RK/AZ 3324 205 26208 5.2 800

 “ CA/NV 1147 646 1164 4.0 620

<1> An approximation, this assumes 6 MW/acre, except 6.5 MW/acre in WSCC. Projected MW/acre
varies according to wind class (4, 5 or 6) and year of deployment.
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Table  D-5
Projected Regional Biomass Btu Supply and Use, by Year 2020

Cumulative Trillion Btu Supply Up to Stated
Price (1997$) per Million Btu

Projected Trillion Btu of Biomass
Used for Electric Generation,

Year 2020 <1>

Region $1.50 $3.00 $4.50 $9.05
(Maximum)

Business as
Usual (BAU)

“Current Policy
Direction” (CPD)

ECAR 43.5 827 1336 1973 30.6 64.3

ERCOT 12.7 234 347 454 6.9 135.0

MAAC 23.7 116 168 435 24.4 61.4

MAIN 15.0 544 1061 1243 24.0 505.0

MAPP 12.9 1440 2664 2898 13.8 218.2

NPCC/NY 25.7 114 183 406 8.6 24.4

NPCC/NE 13.3 35 149 529 37.1 37.4

Florida 19.3 25 71 178 25.6 50.5

SERC 60.3 666 1284 2592 112.5 373.2

SPP 33.6 237 1720 2369 28.0 333.6

WSCC/NW 17.0 77 383 1299 4.6 64.7

WSCC/RA 4.9 47 92 251 2.0 117.6

WSCC/CNV 23.7 72 155 436 34.4 202.5

<1> Billion kWh of projected U.S. biomass-based generation in 2020: BAU 37.8, CPD 245.5

Table  D-6
Long-Term Wind Energy System Capital Cost Adjustment Factors

Cumulative Capacity Added (% of Maximum Possible) for Which
Each of Five Capital Cost Multipliers (1.0 Through 3.0) Applies

Region 1.0 1.2 1.5 2.0 3.0

1 ECAR 0-4 4-7 7-15 15-32 >32

2 ERCOT 0-15 15-25 25-48 48-93 >93

3 MAAC 0-10 10-20 20-30 30-40 >40

4 MAIN 0-40 40-50 50-60 60-70 >70

5 MAPP 0-0.5 0.5-1.5 1.5-4.5 4.5-7.5 >7.5

6 NPCC/NY 0-10 10-20 20-40 40-60 >60

7 NPCC/NE 0-10 10-20 20-40 40-60 >60

8 Florida 0-10 10-20 20-30 30-50 >50

9 SERC 0-10 10-20 20-40 40-60 >60

10 SPP 0-0.5 0.5-1.5 1.5-4.5 4.5-7.5 >7.5

11 WSCC/NW 0-2.5 2.5-6.8 6.8-9.6 96-10.1 >10.1

12 WSCC/RA 0-2 2-4 4-8 8-18 >18

13 WSCC/CNV 0-12 12-15.5 15.5-19 19-22.5 >22.5
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Table  D-7
Long-Term Biomass IGCC Capital Cost Adjustment Factors

Cumulative Capacity Added (as % of Regional Maximum) for Which
Each of Five Capital Cost Multipliers (1.0 Through 2.0) Applies<1>

Region 1.0 1.15 1.5 1.75 2.0

1 ECAR 0-25 25-50 50-60 60-70 >70

2 ERCOT 0-25 25-50 50-60 60-80 >80

3 MAAC 0-25 25-50 50-55 55-60 >60

4 MAIN 0-25 25-50 50-60 60-70 >70

5 MAPP 0-20 ----- 20-30 30-40 >40

6 NPCC/NY 0-25 25-50 50-60 60-70 >70

7 NPCC/NE 0-25 25-50 50-60 60-70 >70

8 Florida 0-25 25-50 50-60 60-80 >80

9 SERC 0-25 25-50 50-60 60-70 >70

10 SPP 0-25 25-30 30-35 35-40 >40

11 WSCC/NW 0-25 25-50 50-60 60-70 >70

12 WSCC/RA 0-25 25-50 50-60 60-90 >90

13 WSCC/CNV 0-25 25-50 50-60 60-80 >80

<1> Regional maximum MW increases over time due to improving heat rates and growing biomass
supply.
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Table  D-8
Assumed Post-2020 Capital Costs and Heat Rates for Key Technologies

Technology Overnight Capital Cost, 1997$/kW Heat Rate

Pre-2020 (AEO99) technologies:
coal IGCC, advanced gas
combined cycle and advanced
gas combustion turbine

Drops 0.5% per year from 2020 to 2050,
assuming initial 2020 costs of $925/kW
for coal IGCC, $325/kW for advanced
gas combined cycle, and $255/kW for
advanced gas combustion turbine.

Remains at final AEO99
level (6968, 6350 and
8000 Btu/kWh for coal
IGCC, advanced gas
combined cycle,
advanced gas
combustion turbine,
respectively)

“Future Coal” (technology mix
including increasing prevalence of
fuel cells and hydrogen fuel over
time)

$1100/kW in 2020, dropping to $900/kW
by 2050

6900 Btu/kWh in 2020,
dropping to 6200
Btu/kWh by 2050

“Future Coal” with 90% carbon
capture and sequestration

Adds $400/kW to “future coal” cost in
2000, dropping to a $250/kW adder by
2050

A 15% heat rate penalty
on top of “future coal”
heat rate in 2020,
dropping to a 10%
penalty by 2050

“Future Gas” (technology mix
including increasing prevalence of
fuel cells and hydrogen fuel over
time)

$700/kW in 2020, dropping to $550/kW
by 2050

5800 Btu/kWh in 2020
dropping to 5200
Btu/kWh by 2050

“Future Gas” with 90% carbon
capture and sequestration

Adds $400/kW to “future gas” cost in
2000, dropping to a $250/kW adder by
2050

A 15% heat rate penalty
on top of “future gas” heat
rate in 2020, dropping to
a 10% penalty by 2050

“Future Biomass” (technology mix
including increasing prevalence of
fuel cells and hydrogen fuel over
time)

25% above $/kW cost of future coal
(mainly due to a much smaller viable
unit size)

15% above heat rate for
future coal

“Future Wind” $700/kW in 2020 dropping to $600/kW
in 2050

NA

“Future Photovoltaic” (most likely
thin film, tracking may help
increase capacity factors over
time)

$1300/kW in 2020 dropping to $600/kW
in 2050

NA

“Other” pre-2020 technologies not
listed above

Remains at AEO99 level. Post-2020
additions may provide simulated
“learning” that reduces projected capital
costs.

Remains at final AEO99
level
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Table  D-9
Assumed Post-2020 Operating and Maintenance Costs, Outage Rates and Emissions

Operating and
Maintenance Costs Outage Rates

Emissions,
lb/mmBtu

Technology

Fixed,
1997$ per
kW-year

Variable,
1997$ per

MWh Forced Planned SO2 NOx

Pre-2020 (AEO99)
technologies

Same as pre-2020 (AEO99) Same as pre-2020
(AEO99)

Same as pre-
2020 (AEO99)

“Future Coal” (technology
mix, increasing use of fuel
cells and hydrogen fuel over
time)

23 1.0 5% 8.2% 0 0.01

“Future Coal” with 90%
carbon capture and
sequestration

29 <1> 7% 8.2% 0 0.01

“Future Gas” (technology
mix, increasing use of fuel
cells and hydrogen fuel over
time)

15 1.0 5% 3% 0 0.01

“Future Gas” with 90%
carbon capture and
sequestration

21 <1> 7% 5% 0 0.01

“Future Biomass”
(technology mix, increasing
use of fuel cells and
hydrogen fuel over time)

43 1.0 <2> 8.2% 0 0.01

“Future Wind” 21 0 <3> <3> NA NA

“Future Photovoltaic” (most
likely thin film, tracking may
help increase capacity
factors over time)

16 0 <3> <3> NA NA

<1> $2/MWh, plus carbon transport and disposal at $50 per ton of carbon in 2020, dropping to $30/ton by
2050. This gives variable O&M of $11.97/MWh in 2020, dropping to $7.14 by 2050 for “future coal” with
carbon capture, and $6.91/MWh, dropping to $4.52/MWh for “future gas” with carbon capture. (Declining
heat rates help.)

<2> Instead of forced outage, biomass is given a specified 80% capacity factor.

<3> These intermittent technologies are given capacity factors varying by region and season/time-of-day
load segment, scaled to give target annual capacity factors that grow over time, as discussed elsewhere.
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Table  D-10
Projected Regional Biomass Btu Supply and Use by Year 2050

Cumulative Trillion Btu Supply Up to Stated
Price (1997$) per Million Btu

Projected Trillion Btu of Biomass
Used for Electric Generation,

Year 2050 <1>

Region $1.50 $3.00 $4.50
$9.05

(Maximum)
Business as
Usual (BAU)

Current Policy
Direction (CPD)

ECAR 866 1126 1339 1973 359 1150

ERCOT 260 312 352 454 224 325

MAAC 118 150 168 435 166 231

MAIN 765 1026 1077 1243 394 968

MAPP 2090 2617 2686 2898 115 906

NPCC/NY 116 121 185 406 103 204

NPCC/NE 35 46 150 529 35 233

Florida 25 36 76 178 48 50

SERC 718 787 1286 2592 434 899

SPP 381 492 1722 2369 373 1080

WSCC/NW 17.0 77 383 1299 18 75

WSCC/RA 4.9 47 92 251 32 152

WSCC/CNV 23.7 72 155 436 58 202

<1> Billion kWh of projected U.S. biomass-based generation in 2050: BAU 265, CPD 727
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Table  D-11
Projected Wind Energy System Capacity by 2050 Under “CPD”

Approximate land use relative to windy land assumed to be available.

Sq. Km. Available, by Class Projected Use by 2050 Under CPD <1>

Wind Class 6+ 5 4 Total GW Approx. Sq. Km. Used

ECAR 0 61 526 2.4 400

ERCOT 0 0 1499 5.2 870

MAAC 0 0 1394 3.7 620

MAIN 0 0 0 0 0

MAPP 0 15078 197979 7.2 1200

NY 0 42 469 1.5 250

NE 25 538 765 4.0 670

FL 0 0 0 0 0

SERC 15 81 170 1.1 180

SPP 0 0 72342 14.1 2350

WSCC/NW 10066 7248 28135 11.6 1780

 “ RK/AZ 3324 205 26208 5.8 890

 “ CA/NV 1147 646 1164 4.8 740

<1> An approximation, this assumes 6 MW/acre, except 6.5 MW/acre in WSCC. Projected MW/acre
varies according to wind class (4, 5 or 6) and year of deployment.
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E 
SENSITIVITY CASES

E.1 Introduction to the Sensitivity Cases

Several sensitivity cases were run to investigate the effect of varying key inputs to the model
during the crucial 2021 to 2050 period. These parameters included:

•  Costs (capital and operating) and heat rate penalties for carbon capture and sequestration,

•  Natural gas wellhead prices,

•  Capital costs for new nuclear generating plants, and

•  Carbon taxes.

Results for selected key output parameters of these sensitivity cases are shown in a series of
charts at the end of this Appendix. Each chart shows, on a separate graph,

•  Electric generation mix by fuel type (note that while these are shown for the period 1990 to
2050, results vary only for the period from 2021 to 2050),

•  Generating capacity additions for the period from 2021 to 2050 only (note that the vertical
scales on these graphs vary, so comparisons between cases should be made carefully)125,

•  Utilization rates for gas-fired generating units (also shown for the period 1990 to 2050, but
with results varying only for the period from 2021 to 2050), and

•  Carbon emissions from electricity generation by fuel type (also shown for the period 1990 to
2050, but with results varying only for the period from 2021 to 2050).

These sensitivity runs were made by varying the input values and running the Electricity Market
Module adapted from NEMS by EPRI a single time. The other models used to provide adjusted
input values for electricity demand, other fuel prices, etc. were not used in making these
sensitivity runs. This is in contrast to the results presented in the main body of this report, for
which the full suite of models employed for the post-2020 analyses was run repeatedly until

                                                          
125 Abbreviations on the graphs for capacity additions are as follows: PC = pulverized coal, IGCC = coal-fired
integrated gasification and combined cycle generation, IGCC(seq) = IGCC with carbon capture and sequestration,
Conv CT = conventional [i.e., current generation technology] gas-fired combustion turbine, Adv CT = advanced
gas-fired combustion turbine, Adv CC = advanced gas-fired combined cycle generation, CC(seq) = advanced gas-
fired combined cycle generation with carbon capture and sequestration, Fuel Cell = fuel cell utilizing natural gas,
Adv Nuc = advanced [i.e., next generation] nuclear generation, Biomass = biomass-fueled combined cycle, Wind =
wind generation, and Solar Ph = solarvoltaic generation. Baseline assumptions for costs and performance of each of
these technologies are presented in Appendix D.
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equilibrium was reached for all input parameters and carbon emissions from electricity
generation were maintained at targeted levels. Therefore, the results of these sensitivity runs are
not directly comparable to those presented in the main body of this report. They should not be
regarded as providing forecasts or projections, but rather as providing only indications of the
general directions (and, to a less accurate extent, magnitudes) of changes that would occur in
response to altered values for the inputs which were varied.

Results of each sensitivity case are briefly described and discussed in the following sections.
Case 1 is the reference case (i.e., the results generated for the Current Policy Direction as
presented in the main body of this report), which is presented here for comparison purposes and
is not discussed.

E.2 Sensitivity Cases for Carbon Sequestration Costs

Sensitivity Case 2a shows results of increasing the costs (capital and operating) of carbon capture
and sequestration, as well as the heat rate penalty (i.e., increase in the Btu’s needed to generate a
unit of electricity) associated with carbon capture, by 50%. Sensitivity Case 2b shows results for
increasing these by 100%.

Compared to the reference case, case 2a decreases post-2020 capacity additions of coal-fired
IGCC with sequestration substantially in response to the increased costs. Small additions of coal-
fired capacity without carbon capture and sequestration (PC and IGCC) also occur. The decline
in utilization of gas-fired combined cycle generation is slowed substantially, but that for gas-
fired combustion turbines is affected little. Carbon emissions increase both from coal-fired
generation (as generating units without carbon capture are utilized more) and from gas-fired
generation (also due to increased utilization). Clearly, carbon taxes would have to increase in
order to reduce carbon emissions to targeted levels. However, the extent to which this would lead
to installation of more coal-fired IGCC with carbon sequestration vs. greater utilization of gas-
fired capacity is unclear. (It seems likely that it would eliminate the installation of coal-fired
capacity without carbon capture and sequestration.)

Case 2b, with its much greater increase in carbon capture and sequestration costs, magnifies
these effects. Most notably, it leads to the addition of much more coal-fired generation capacity
without carbon capture and much less coal-fired generation capacity with carbon capture.
However, the increase in carbon emissions, especially from coal-fired generation, is also much
grater, as would be expected.

Note that there are no capacity additions for advanced nuclear under either of these cases. As
long as advanced nuclear cost remain at the reference levels, the competition for electricity
generation is strictly between coal and gas. Note, too, that increased use of gas for electricity
generation naturally leads to increased carbon emissions from gas. (Increases in carbon capture
and sequestration costs apply to gas-fired as well as coal-fired generation.)
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E.3 Sensitivity Case for Natural Gas Prices

Sensitivity Case 3 shows results for an alternative projection of gas prices, under which wellhead
prices simply increase at an annual rate of 1% from 2021 to 2050. (Note that this is purely an
assumed rate of gas price increase, unlike the gas prices calculated for the reference case, which
were based on an econometric model as described in Appendix C.) A comparison of gas prices
used for this sensitivity case is provided in a separate graph.

Comparison of the results for sensitivity case 3 to the reference case shows that this change has
only modest effects. Electricity generation from gas increases slightly, and utilization of gas-
fired combined cycle units likewise increases. Capacity additions are essentially unaffected, as is
utilization of combustion turbines. Carbon emissions increase slightly from gas generation but
decrease slightly from coal generation, leading to only a slight net change. The phenomenon of
coal use for electricity generation declining to a fraction of its current level by about 2020 and
then increasing to even greater levels is still observed in this sensitivity case.

E.4 Sensitivity Cases for Nuclear Plant Capital Costs

Sensitivity Cases 4a, 4b, and 4c show results for increasing the capital costs of advanced nuclear
power generating plants by 15%, 25%, and 33%, respectively. These results show a progressive
displacement of coal-fired IGCC with carbon capture and sequestration by advanced nuclear as
the capital cost of the latter declines. This effect is very slight at the 15% level of cost reduction
(resulting in the addition of less than 20 GW of new nuclear capacity between 2021 and 2050
and virtually no decline in the addition of coal-fired IGCC). At the 25% cost reduction level,
about 50 more GW of new nuclear capacity is installed, displacing an equal amount of new coal-
fired IGCC capacity. At the 33% cost reduction level, the effect becomes very pronounced, with
well over 100 more GW of new nuclear capacity displacing, again, about an equal amount of
new coal-fired IGCC capacity.

Other capacity additions are largely unaffected by this swing between coal and nuclear capacity
and generation, as is utilization of gas-fired plants. Carbon emissions from coal, and likewise
total carbon emissions from electricity generation, decline as nuclear generation increases. This
simply reflects the fact that the capture of carbon from coal-fired IGCC is “only” 90% effective,
while nuclear generation has no associated carbon emissions.

Results of these sensitivity cases demonstrate that, given the other assumptions and projections
used in the reference case and maintained for these cases, significant reductions in the capital
costs for nuclear plants could make nuclear power a strong competitor with coal-fired IGCC with
carbon capture and sequestration. If these cost reductions could be accomplished (and if other
problems that hinder installation of new nuclear capacity, some of which are more political than
technical, could also be overcome), the need to resurrect the coal industry (as apparently might
otherwise occur) might be significantly diminished.
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E.5 Sensitivity Cases With Multiple Input Values Changed

Given that these sensitivity cases were based on single runs of the adapted Electricity Market
Module, as noted above, rather than fully iterated runs in which all parameters were brought into
equilibrium, it is very difficult to draw any firm conclusions from cases in which more than one
input was changed. However, the sensitivity runs already described suggested how changes in
some of the inputs might interact, and a few runs were made to test potential interactions.

Given that both increasing carbon sequestration costs and reducing nuclear costs tended to
reduce the installation of coal-fired IGCC with carbon capture and sequestration capacity (as
expected), one run was done to investigate the potential effects of combining these changes.
Sensitivity Case 5a shows results of doubling carbon sequestration costs and heat rate penalties
and reducing nuclear capital costs by 25%. Installation of new coal-fired capacity of any type
was severely limited in this case, with new nuclear capacity instead begin substituted for a
substantial portion of the gas-fired electric generation that is seen to peak between 2020 and
2025. Utilization of gas generating plants still falls off after this period, though slightly less
sharply than under the reference case. Total carbon emissions are similar to those under the
reference case. These results reinforce the conclusion, suggested by the results of the sensitivity
cases on nuclear costs alone, that nuclear power could be an alternative to renewed coal use as
gas prices rise in the post-2020 period.

Given that carbon emissions rose to well above target levels in sensitivity case 2b (in which
carbon sequestration costs and heat rate penalties were doubled), a case was run in which carbon
taxes were increased by 20% after 2020 (a figure chosen because it is large enough to be likely to
have a substantial effect) at the same time that carbon sequestration costs were doubled. Results,
shown in sensitivity case 5b, include a large decrease in installation of coal-fired IGCC with
carbon capture and sequestration and much higher utilization rates for gas-fired advanced
combined cycle generating plants (but not for combustion turbines). Generation from renewables
also increases somewhat. Carbon emissions from gas-fired electricity generation are, as should
be expected, sharply increased under this case – so much so that carbon emissions again exceed
target levels (though they are substantially lower than in case 2b.) This could be taken to indicate
that continued high use of natural gas for electricity generation after 2025 is not out of the
question, but it also shows that high carbon emissions from gas generation could be expected to
result. (Note that use of carbon sequestration for gas-fire plants remains virtually unused in this
case; at higher still carbon tax levels this could presumably change.)

Finally, a case combining doubled carbon sequestration costs, a 20% increase in post-2020
carbon taxes, and a 15% reduction in nuclear capital costs was run. Results are shown as
sensitivity case 5c. The result, compared to the reference case, is much less coal-fired generation,
a more gradual decrease in gas-fired generation after 2025, and very substantial increases in
nuclear capacity and generation, especially late in the study period. Carbon emissions are above
target levels, but only slightly.

E.6 Discussion

Results of these sensitivity cases should be viewed very cautiously; they do not provide a firm
basis for any conclusions. They also provide no information regarding many important
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outcomes, such as effects on the U.S. economy and on fuel prices. However, they do appear to
show that the models used to produce the primary results of this study generally respond to
changes in key input values as would be expected. Further, these results are consistent with the
following plausible expectations:

•  Use of natural gas for electricity generation would decrease after about 2025 under a variety
of circumstances, and not just the specific circumstances incorporated in the reference case,
and would be supplanted by other fuels if the cost of their use is sufficiently low.

•  New nuclear generating capacity could provide an alternative to renewed coal use as gas
generation decreases if capital costs are reduced sufficiently.
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Figure  E-1
Case 1a: Reference Case for Sensitivity Analyses (Current Policy Direction Case)
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Figure  E-2
Case 2a: Carbon Capture and Sequestration Costs Increased by 50%
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Figure  E-3
Case 2b: Carbon Capture and Sequestration Costs Increased by 100%
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Figure  E-4
Case 3: Alternative Trajectory for Natural Gas Prices
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Figure  E-5
Case 3: Comparison of Reference Case and Alternative Gas Price Trajectories
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Figure  E-6
Case 4a: Nuclear Capital Costs Decreased by 15%
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Figure  E-7
Case 4b: Nuclear Capital Costs Decreased by 25%
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Figure  E-8
Case 4c: Nuclear Capital Costs Decreased by 33%
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Figure  E-9
Case 5a: Carbon Capture, Sequestration Costs Increased by 100%, Nuclear Capital Costs
Decreased by 25%
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Figure  E-10
Case 5b: Carbon Capture, Sequestration Costs Increased by 100%, Carbon Taxes
Increased by 20%
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Figure  E-11
Case 5c: Carbon Capture, Sequestration Costs Increased by 100%, Carbon Taxes
Increased by 20%, Nuclear Capital Costs Decreased by 15%
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