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Members of Congress:

On behalf of the National Science and Technology Council, the U.S. Climate Change Science Program
(CCSP) is pleased to transmit to the President and the Congress this report, Effects of Climate Change
on Energy Production and Use in the United States, as part of a series of Synthesis and Assessment
Products produced by the CCSP. This series of 21 reports is aimed at providing current evaluations of
climate change science to inform public debate, policy, and operational decisions. These reports are also
intended to inform CCSP's consideration of future program priorities. This Synthesis and Assessment
Product is issued pursuant to Section 16 of the Global Change Research Act of 1990.

CCSP's guiding vision is to provide the Nation and the global community with the science-based knowl-
edge to manage the risk and opportunities of change in the climate and related environmental systems.
The Synthesis and Assessment Products are important steps toward that vision, helping translate CCSP's
extensive observational and research base into informational tools directly addressing key questions that
are being asked of the research community.

This product will enhance understanding of the effects of climate change on energy systems in the
United States. It was developed with broad scientific input and in accordance with the Guidelines for
Producing CCSP Synthesis and Assessment Products, Section 515 of the Treasury and General Govern-
ment Appropriations Act for Fiscal Year 2001 (Public Law 106-554), and the Information Quality Act
guidelines issued by the Department of Energy pursuant to Section 515.

We commend the report's authors for both the thorough nature of their work and their adherence to an
inclusive review process.

Samuel W Bodman
Secretary of Energy

Chair, Committee on
Climate Change

Science and Technology Integration

Ca~rlosgM. Gutierrez
Secretary of Commerce

Vice-Chair, Committee on
Climate Change

Science and Technology Integration

John H. Marburger III, Ph.D.
Director, Office of

Science and Technology Policy
Executive Director, Committee on

Climate Change
Science and Technology Integration
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This report was not originally scheduled to be a part
of the portfolio of Synthesis and Assessment Products
(SAPs) of the U.S. Climate Change Science Program

(CCSP). It was added when the U.S. Congress com-
pared the proposed coverage of the SAP process with
subjects identified as national concerns in the U.S.
Global Change Research Act of 1990, which listed en-
ergy as one of the climate change impact sectors of na-
tional concern. After this comparison, questions from
the Congress led CCSP in mid-2005 to add a report on

climate change effects on energy production and use
in the United States: SAP 4.5.

This addition is important in at least two ways. First,
it fills a gap left by the first U.S. National Assessment
of Climate Variability and Change (NACC), carried out

from 1997-2000. NACC commissioned studies of five
sectors; but energy was not one of them, at least in part
because NACC was focused on impacts and it was felt
at that time that an energy sector impact assessment

could not be separated from politically controversial
issues related to emission reduction (mitigation). Sec-
ond, it directly addresses a kind of myopia where rela-
tionships between the energy sector and climate

change are concerned. The energy sector is universally
considered a key part of mitigation strategies that em-
phasize reductions in fossil fuel use; but it is also a sec-
tor that is subject to impacts of climate change. Now
that climate change is increasingly being accepted as a
reality over the next century and more, it is important
to consider vulnerabilities and possible adaptation

strategies for this sector as well as others such as
health, water, agriculture, and forestry.

For a combination of these reasons, SAP 4.5 is a timely
contribution to U.S. discussions of possible climate
change response strategies. Although it is possible to
politicize issues of climate change implications for en-

ergy needs and energy supplies, it is also possible to
provide both a foundation for that discussion based on
available scientific and technological information and

to indicate where additional knowledge would be use-
ful in resolving issues and developing effective adap-
tation strategies.

This report has benefited from the thoughtful leader-
ship of Jerry Elwood of DOE's Office of Science, with-
out whose perspectives the job would have been
impossible. When Dr. Elwood succeeded Ari Patrinos
as acting Director of DOE's Office of Biological and
Environmental Research (BER), Jeff Amthor moved in
smoothly and professionally as the activity contact and
manager, maintaining continuity and oversight. The
report has also benefited from the steady roles of the
CCSP principals and the CCSP program office, who
have consistently insisted on such values as scientific
independence and stakeholder participation. Finally,

we acknowledge and express our gratitude to Jim Ma-
honey, who as Director of CCSP recognized the value
of producing a set of statements of current knowledge
about the various aspects of climate change science as
a vitally important way to reduce uncertainties about
what actions make sense now.

One of Jerry Elwood's decisions was to rely on a team

of DOE national laboratory leaders and staff members
to produce the report. This decision arose from a num-
ber of considerations, including the fact that the na-
tional laboratories as a family were in close touch with

all of the relevant research communities. But it proved
to be especially important because of the imperatives
of the CCSP time schedule for the SAPs, which called
for the first draft of SAP 4.5 to be produced so quickly
that contracting with other participants would have
been incompatible with established deadlines. The
schedule could not have been met otherwise.

*Retired.
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The U.S. Climate Change Science Program Preface

Given this reality, the DOE national laboratories responded
with a collaboration among seven laboratories, including
high-level leaders of many of them, and produced drafts and
a final product that is intended as a starting point for a na-
tional discussion of a set of issues that had been previously

largely overlooked.

But SAP 4.5 is not just a product of the DOE national labo-
ratories. It has benefited profoundly from comments, ques-
tions, and other insights from a host of stakeholders in
industry, federal, and state government, nongovernmental in-
stitutions, and academia. For a list of specific contributors,
see Annex A; but research and assessment contributions
from many others have been included as well. This is in-
tended to be a summary on behalf of interested parties across
the nation, not a summary of the knowledge of the national

laboratories.

Having said this, the fact is that a summary of the current
knowledge about possible effects of climate change on en-
ergy production and use in the United States, as of early
2007, does little more than scratch the surface of a very im-
portant and complex topic. Because of a natural tendency to
focus on the energy sector as a driving force where climate
change is concerned, the impacts on the energy sector from
climate change have been under-studied. Until this over-
sight is corrected, the energy sector - on both the energy use
and energy supply sides - is vulnerable to stresses from cli-
mate change that, if identified early enough, can probably
be addressed by adaptation strategies that will reduce un-
necessary costs to society and to the energy institutions that
seek to meet social needs for energy services.

iv



Effects of Climate Change on Energy Production and Use in the United States
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Climate change is expected to have noticeable effects in the United States:

a rise in average temperatures in most regions, changes in precipitation

amounts and seasonal patterns in many regions, changes in the intensity

and pattern of extreme weather events, and sea level rise. Some of these

effects have clear implications for energy production and use. For instance,

average warming can be expected to increase energy requirements for

cooling and reduce energy requirements for warming. Changes in precipitation could affect prospects for hydropower, pos-

itively or negatively. Increases in storm intensity could threaten further disruptions of the sorts experienced in 2005 with

Hurricane Katrina. Concerns about climate change impacts could change perceptions and valuations of energy technology

alternatives. Any or all of these types of effects could have very real meaning for energy policies, decisions, and institutions

in the United States, affecting discussions of courses of action and appropriate strategies for risk management.

This report summarizes what is currently known about effects of climate change on energy production and use in the United
States. It focuses on three questions, which are listed below along with general short answers to each. Generally, it is im-
portant to be careful about answering these questions for two reasons. One reason is that the available research literatures on
many of the key issues are limited, supporting a discussion of issues but not definite conclusions about answers. A second

reason is that, as with many other categories of climate change effects in the U.S., the effects depend on more than climate
change alone, such as patterns of economic growth and land use, patterns of population growth and distribution, technologi-
cal change, and social and cultural trends that could shape policies and actions, individually and institutionally.

The report concludes that, based on what we know now, there are reasons to pay close attention to possible climate change
impacts on energy production and use and to consider ways to adapt to possible adverse impacts and take advantage of pos-
sible positive impacts. Although the report includes considerably more detail, here are the three questions along with a brief

summary of the answers:

" How might climate change affect energy consumption in the United States? The research evidence is rela-
tively clear that climate warming will mean reductions in total U.S. heating requirements and increases in total cooling re-

quirements for buildings. These changes will vary by region and by season, but they will affect household and business
energy costs and their demands on energy supply institutions. In general, the changes imply increased demands for elec-
tricity, which supplies virtually all cooling energy services but only some heating services. Other effects on energy con-

sumption are less clear.

" How might climate change affect energy production and supply in the United States? The research evi-
dence about effects is not as strong as for energy consumption, but climate change could affect energy production and sup-
ply (a) if extreme weather events become more intense, (b) where regions dependent on water supplies for hydropower
and/or thermal power plant cooling face reductions in water supplies, (c) where temperature increases decrease overall ther-
moelectric power generation efficiencies, and (d) where changed conditions affect facility siting decisions. Most effects are
likely to be modest except for possible regional effects of extreme weather events and water shortages.
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The U.S. Climate Change Science Program Executive Summary

How might climate change have other
effects that indirectly shape energy
production and consumption in the

United States? The research evidence
about indirect effects ranges from abundant
information about possible effects of climate

change policies on energy technology
choices to extremely limited information
about such issues as effects on energy secu-
rity. Based on this mixed evidence, it ap-
pears that climate change is likely to affect
risk management in the investment behavior
of some energy institutions, and it is very
likely to have some effects on energy tech-
nology R&D investments and energy re-

source and technology choices. In addition,
climate change can be expected to affect
other countries in ways that in turn affect
U.S. energy conditions through their partic-
ipation in global and hemispheric energy
markets, and climate change concerns could
interact with some driving forces behind
policies focused on U.S. energy security.

Because of the lack of research to date,
prospects for adaptation to climate change ef-

fects by energy providers, energy users, and so-
ciety at large are speculative, although the
potentials are considerable. It is possible that
the greatest challenges would be in connection
with possible increases in the intensity of ex-
treme weather events and possible significant

changes in regional water supply regimes. But
adaptation prospects depend considerably on
the availability of information about possible

climate change effects to inform decisions about
adaptive management, along with technological
change in the longer term.

Given that the current knowledge base is so lim-
ited, this suggests that expanding the knowledge
base is important to energy users and providers
in the United States. Examples of research pri-
orities - which call for contributions by a wide
range of partners in federal and state govern-
ments, industry, nongovernmental institutions,
and academia - are identified in the report.

2



I Effects of Climate Change on Energy Production and Use in the United States

These reports arise from the five goals of CCSP (http://www.climatescience.gov), the fourth of
which is to "understand the sensitivity and adaptability of different natural and managed ecosys-
tems and human systems to climate and related global changes." One of the seven SAPs related
to this particular goal is concerned with analyses of the effects of global change on energy pro-

duction and use (SAP 4.5). The resulting SAP, this report, has been titled "Effects of Climate
Change on Energy Production and Use in the United States."

This topic is relevant to policy-makers and other decision-makers because most discussions to date
of relationships between the energy sector and responses to concerns about climate have been very
largely concerned with roles of energy production and use in climate change mitigation. Along with
these roles of the energy sector as a driver of climate change, the energy sector is also subject to
effects of climate change; and these possible effects - along with adaptation strategies to reduce
any potential negative costs from them - have received much less attention. For instance, the U.S.
National Assessment of Possible Consequences of Climate Variability and Change (NACC, 2001)

considered effects on five sectors, such as water and health; but energy was not one of those sec-
tors, even though the Global Change Research Act of 1990 had listed energy as one of several sec-
tors of particular interest.

3



The US. Climate Change Science Program Chapter I - Introduction

Because the topic has not been a high priority
for research support and institutional analysis,
the formal knowledge base is in many ways lim-
ited. As a starting point for discussion, this
product compiles and reports what is known
about likely or possible effects of climate
change on energy production and use in the
United States, within a more comprehensive
framework for thought about this topic, and it
identifies priorities for expanding the knowledge
base to meet needs of key decision-makers.

1.1 BACKGROUND

Climate change is expected to have certain ef-
fects in the United States: a rise in average tem-
peratures in most regions, changes in
precipitation amounts and seasonal patterns in
many regions, changes in the intensity and pat-
tern of extreme weather events, and sea level
rise [(IPCC, 2001 a; NACC, 2001; also see other
SAPs, including 2.1b and 3.2)].

Some of these effects have clear implications

for energy production and use. For instance, av-
erage warming can be expected to increase en-
ergy requirements for cooling and reduce
energy requirements for warming. Changes in

precipitation patterns and amounts could affect
prospects for hydropower, positively or nega-
tively. Increases in storm intensity could
threaten further disruptions of the sorts experi-

enced in 2005 with Hurricanes Katrina and
Rita. Concerns about climate change impacts

could change perceptions and valuations of en-
ergy technology alternatives. Any or all of these
types of effects could have very real meaning

for energy policies, decisions, and institutions
in the United States, affecting discussions of

courses of action and appropriate strategies for
risk management.

According to CCSP, an SAP has three end uses:
(1) informing the evolution of the research
agenda; (2) supporting adaptive management
and planning; and (3) supporting policy formu-
lation. This product will inform policymakers,

stakeholders, and the general public about is-
sues associated with climate change implica-
tions for energy production and use in the

United States, increase awareness of what is
known and not yet known, and support discus-
sions of technology and policy options where
the knowledge base is still at an early stage of
development.

The central questions addressed by SAP 4.5 follow:

" How might climate change affect energy
consumption in the United States?

" How might climate change affect energy
production and supply in the United States?

" How might climate change affect various
contexts that indirectly shape energy pro-
duction and consumption in the United
States, such as energy technologies, energy
institutions, regional economic growth, en-
ergy prices, energy security, and environ-
mental emissions?

SAP 4.5 is being completed by the end of the
second quarter of calendar year 2007 (June 30,
2007), following a number of steps required for
all SAPs in scoping the study, conducting it, and
reviewing it at several stages (see the section
below on How the Report Was Developed).

1.2 THETOPIC OFTHIS
SYNTHESIS AND ASSESSMENT
REPORT

This report summarizes the current knowledge
base about possible effects of climate change on
energy production and use in the United States
as a contributor to further studies of the broader
topic of effects of global change on energy pro-
duction and use. It also identifies where re-
search could reduce uncertainties about
vulnerabilities, possible effects, and possible
strategies to reduce negative effects and increase
adaptive capacity and considers priorities for
strengthening the knowledge base. As is the
case for most of the SAPs, it does not include
new analyses of data, new scenarios of climate
change or impacts, or other new contributions
to the knowledge base, although its presentation
of a framework for thought about energy sector
impacts is in many ways new.

4



Effects of Climate Change on Energy Production and Use in the United States

As indicated above, the content of SAP 4.5 in-

cludes attention to the following issues:

" possible effects (both positive and negative)
of climate change on energy consumption in
the United States (Chapter 2),

" possible effects (both positive and negative)
on energy production and supply in the

United States (Chapter 3), and

" possible indirect effects on energy con-
sumption and production (Chapter 4).

These chapters are followed by a final chapter
that provides conclusions about what is cur-
rently known, prospects for adaptation, and pri-
orities for improving the knowledge base.

1.3 PREVIOUS ASSESSMENTS
OFTHISTOPIC

As mentioned on page 1, unlike some of the
other sectoral assessment areas identified in the
Global Change Research Act of 1990--such as
agriculture, water, and human health---energy
was not the subject of a sectoral assessment in
the National Assessment of Possible Conse-

quences of Climate Variability and Change,
completed in 2001 (NACC, 2001). As a result,
SAP 4.5 draws upon a less organized knowl-
edge base than these other sectoral impact areas.
On the other hand, by addressing an assessment
area not covered in the initial national assess-
ment, SAP 4.5 will provide new information
and perspectives.

The subject matter associated with SAP 4.5 is
incorporated in two chapters of the Working
Group II contribution to the Intergovernmental
Panel on Climate Change (IPCC) Fourth As-
sessment Report (Impacts, Adaptation, and Vul-
nerability), scheduled for completion in 2007.
Chapter 7, "Industry, Settlement, and Society,"
Section 7.4.2.1, briefly summarizes the global
knowledge base about possible impacts of cli-
mate change on energy production and use, re-
porting relevant research from the United States

but not assessing impacts on the United States.
Chapter 14, "North America," summarizes the
knowledge base about possible impacts of cli-
mate change in this continent, including the
United States, in Sections 14.2.8 and 14.4.8.

1.4 HOWTHE REPORTWAS
DEVELOPED

SAPs are developed according to guidelines es-
tablished by CCSP based on processes that are
open and public. These processes include a
number of steps before approval to proceed, em-
phasizing both stakeholder participation and
CCSP reviews of a formal prospectus for the re-
port, a number of review steps including both
expert reviewers and public comments, and
final reviews by the CCSP Interagency Com-
mittee and the National Science and Technol-
ogy Council (NSTC).

The process for producing the report was fo-
cused on a survey and assessment of the avail-
able literature, in many cases including
documents that were not peer-reviewed but the
authors determined to be valid, using estab-
lished analytic-deliberative practices. It in-
cluded identification and consideration of
relevant studies carried out in connection with
CCSP, the Climate Change Technology Program
(CCTP), and other programs of CCSP agencies
(e.g., the Energy Information Administration),
and consultation with stakeholders such as the
electric utility and energy industries, environ-
mental non-governmental organizations, and the
academic research community to determine
what analyses have been conducted and reports
have been issued. Where quantitative research
results are limited, the process considers the de-
gree to which qualitative statements of possible
effects may be valid as outcomes of expert de-
liberation, utilizing the extensive review
processes built into the SAP process to con-
tribute to judgments about the validity of the
statements.

SAP 4.5 is authored by staff from the Depart-
ment of Energy (DOE) national laboratories,
drawing on their own expertise and knowledge
bases and also upon other knowledge bases, in-
cluding those within energy corporations and
utilities, consulting firms, nongovernmental or-
ganizations, state and local governments, and
the academic research community. DOE has as-
sured that authorship by DOE national labora-
tory staff will in no way exclude any relevant
research or knowledge, and every effort is being
made to identify and utilize all relevant expert-

5



The U.S. Climate Change Science Program Chapter I - Introduction

ise, materials, and other sources. For the author
team of SAP 4.5, see Box 1.1.

Stakeholders participated during the scoping
process, have provided comments on the
prospectus, and submitted comments on the
product during a public comment period, as well
as other comments via the SAP 4.5 web site.
The development of SAP 4.5 included active
networking by authors with centers of expertise
and stakeholders to assure that the process was
fully informed about their knowledge bases and
viewpoints.

1.5 HOWTO USETHIS REPORT

The audience for SAP 4.5 includes scientists in
related fields, decision-makers in the public sec-
tor (federal, state, and local governments), the
private sector (energy companies, electric utili-
ties, energy equipment providers and vendors,
and energy-dependent sectors of the economy),
energy and environmental policy interest
groups, and the general public. Even though this

report is unable-based on existing knowl-
edge-to answer all relevant questions that
might be asked by these interested parties, the
intent is to provide information and perspectives
to inform discussions about the issues and to
clarify priorities for research to reduce uncer-
tainties in answering key questions.

As indicated above, because of limitations in
available research literatures, in some cases the
report is only able to characterize categories of
possible effects without evaluating what the ef-
fects are likely to be. In other cases, the report
offers preliminary judgments about effects, re-
lated to degrees of likelihood: likely (2 chances
out of 3), very likely (9 chances out of 10), or
virtually certain (99 chances out of 100).

This report avoids the use of highly technical
terminology, but a glossary and list of acronyms
are included at the end of the report.

6



I Effects of Climate Change on Energy Production and Use in the United States

2.1 INTRODUCTION

E!

In the United States, some of these effects of climate change on energy consumption have been
studied enough to produce a body of literature with empirical results. This is especially the case
for energy demand in residential and commercial buildings, where studies of the effects of climate
change have been under way for about 20 years. There is very little literature on the other effects
mentioned above.

This chapter summarizes current knowledge about potential effects of climate change on energy
demand in the United States. The chapter mainly focuses on the effects of climate change on en-
ergy consumption in buildings (emphasizing space heating and space cooling, but also addressing
net energy use, peak loads, and adaptation), because studies of these effects account for most of
the available knowledge. The chapter more briefly addresses impacts of climate change on energy
use in other sectors, including transportation, construction, and agriculture, where studies are far
less available. The final section summarizes the chapter's conclusions.

7



The U.S. Climate Change Science Program Chapter 2 - Effects of Climate Change on Energy Use in the United States

2.2 ENERGY CONSUMPTION
IN BUILDINGS

2.2.1 Overview

U.S. residential and commercial buildings cur-
rently use about 20 quadrillion Btus (quads) of
delivered energy per year (equivalent to about
38 quads of primary energy, allowing for elec-
tricity production-related losses). This energy
consumption accounts directly or indirectly for
0.6 GT of carbon emitted to the atmosphere
(38% of U.S. total emissions of 1.6 GT and ap-
proximately 9% of the world fossil-fuel related
anthropogenic emissions of 6.7 GT (EIA,
2006). The U.S. Energy Information Adminis-
tration (EIA) has projected that residential and
commercial consumption of delivered energy
would increase to 26 quads (53 quads primary
energy) and corresponding carbon emissions to
0.9 GT by the year 2030 (EIA, 2006). However,
these routine EIA projections do not account for
the effects any temperature increases on build-
ing energy use that may occur as a result of
global warming, nor do they account for con-
sumer reactions to a warmer climate, such as an
increase in the adoption of air conditioning.

To perform an assessment of the impact of cli-
mate change on energy demand, it is helpful to

have as context a set of climate scenarios. The
Intergovernmental Panel on Climate Change
(IPCC) projected in 2001 that climate could
warm relative to 1990 by 0.4°C to 1.2°C by the
year 2030 and by 1.4*C to 5.8°C by the end of
the 21st century (Cubasch et al., 2001 and Ru-
osteenoja, et al. 2003) performed a reanalysis

of the seventeen 2001 IPCC climate simulations
by seven different climate models at the regional
level. Their results for the United States are re-
ported for three subregions, four seasons, and
three major time steps, as summarized in Table
2.1. This is not the only set of climate scenar-
ios available, and the energy studies cited in this
chapter often use other scenarios; but the table
broadly characterizes the range of average tem-
perature changes that might occur in the United
States in the 2 1 century and can provide con-
text for the various energy impact analyses that

have been done.

Approximately 20 studies have been done since
about 1990 concerning the effect of projected
climate change on energy consumption in resi-
dential and commercial buildings in the United
States. Some of these studies concern particu-
lar states or regions, and the impacts estimated
depend crucially on local conditions.

Table 2.1. Seasonal
Temperature
Increases ForThree
U.S. Regions (*C)
In Winter (DJF),
Spring (MAM),
Summer (JJA),And
Fall (SON). Derived
From Ruosteenoja
et al., 2003.
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Some of the studies analyze only electricity. Al-
most all show both an increase in electricity
consumption and an increase in the consump-
tion of primary fuels used to generate it, except
in the few regions that provide space heating
with electricity (for example, the Pacific North-
west). The few studies that examine effects on
peak electricity demand emphasize that in-
creases in peak demand would cause dispro-
portionate increases in energy infrastructure
investment.

Some studies provide demand estimates for
heating fuels such as natural gas and distillate
fuel oil in addition to electricity. These all-fuels
studies provide support for the idea that climate
warming causes significant decreases in space
heating; however, whether energy savings in
heating fuels offset increases in energy demand
for cooling depends on the initial balance of en-
ergy consumption between heating and cooling,
which in turn depends upon geography. Empir-
ical studies show that the overall effect is more
likely to be a significant net savings in delivered
energy consumption in northern parts of the
country (those with more than 4,000 heating de-
gree-days per year) and a significant net in-
crease in energy consumption in the south for
both residential and commercial buildings, with
the national balance slightly favoring net sav-
ings of delivered energy.

Studies vary in their treatment of the expected
demographic shifts in the United States, ex-
pected evolution of building stock, and con-
sumer reaction to warmer temperatures.

Roughly half of the studies use building energy
simulation models and account explicitly for the
current trend in U.S. population moving toward
the south and west, as well as increases in
square footage per capita in newer buildings and
increases in market penetration of air condi-
tioning in newer buildings (See Annex A for a
summary of methods). They do not, however,
include consumer reactions to warming itself.
For example, the market penetration of air con-
ditioning is not directly influenced by warming
in these studies. The other studies use econo-
metric modeling of energy consumption
choices. Many of these studies emphasize that
the responsiveness of climate change of energy
use to climate change is greater in the long-run
than in short run; for example, consumers not
only run their air conditioners more often in re-
sponse to higher temperatures, but may also
adopt air conditioning for the first time in re-
gions such as New England, which still feature
relatively low market penetration of air condi-
tioning. Commercial building designs may
evolve to reduce the need for heating by making
better use of internal energy gains and warmer
weather. Rising costs of space conditioning
could modify the current trend in floor space
per capita. Most econometric studies of build-
ing energy consumption estimate effects like
this statistically from databases on existing
buildings such as the Energy Information Ad-
ministration's (EIA's) Residential Energy Con-
sumption Survey (RECS) (EIA, 2001b) and
Commercial Building Energy Consumption
Survey (CBECS) (EIA, 2003).

Ul

Table 2.2. Summary
of Qualitative Effects
of Global Warming
on Energy
Consumption in the
United States
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When losses in energy conversion and delivery
of electricity are taken into account, primary en-
ergy consumption (source energy) at the na-
tional level increases in some studies and
decreases in others, with the balance of studies
projecting a net increase in primary energy con-
sumption. When the higher costs per delivered
Btu of electricity are taken into account, the na-
tional-level consumer expenditures on energy
increase in some studies and decrease in others,
with the balance of studies favoring an increase
in expenditures.

Various studies include a range of climate
warming scenarios as well as different time
frames and methods. Table 2.2 summarizes the
main qualitative conclusions that can be drawn
from an overview of this literature concerning
the marginal effect of climate warming on en-
ergy use in buildings. These effects are dis-
cussed further in Sections 2.3 through 2.5.

2.2.2 The Literature in Greater
Detail

The general finding about the net impact of cli-
mate warming on the consumption of delivered
heating fuel and electricity is that for regions
with more than about 4000 heating degree-days
Fahrenheit (EIA Climate Zones 1-3, roughly the
dividing line between "north" and "south" in
most national studies-see Figure 2.1) climate
warming tends to reduce consumption of heat-
ing fuel more than it increases the consumption
of electricity (e.g., Hadley et al., 2004, 2006).
The reverse is true south of that line. By coin-
cidence, the national gains and losses in deliv-
ered energy approximately balance. Existing
studies do not agree on whether there is small
increase or decrease. The picture is different for
primary energy and carbon dioxide. Because
the generation, transmission, and distribution of
electricity is subject to significant energy losses,

Figure 2.1. U.S.
Climate Zones
(Zones 1-3 are
"North:' Zones 4-5
are "South").
Source: Energy Information
Administration, Residential
Energy Consumption
Survey (E, 200 1c).
http:llWww.eiadoe.govl

"I-000

Climate Zones

Zone I is less than 2,000 CDD and greater than 7,000 HDD.

Zone 2 is less than 2,000 CDD and 5,500-7.000 HDD.

Zone3 is less than 2,000 CDD and 4,000-5,499 HDOD.

Zone 4 Is less than 2,000 CDD and less than 4,000 HDD.

Zone 5 is 2,000 CDD or more and less than 4,000 HDD.
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national primary energy demand tends to in-

crease with warmer temperatures. Finally, be-
cause electricity is about 50% generated with
coal, which is a high-carbon fuel, and about 3.2
Btu of primary energy are consumed for every

Btu of delivered electricity (EIA, 2006), carbon
dioxide emissions also tend to increase. The ex-
tent of this national shift in energy use is ex-

pected to depend in part on the strength of

residential adoption of air conditioning as the

length of the air conditioning season and the
warmth of summer increases in the north, where
the market penetration of air conditioning is still
relatively low. The potential reaction of con-

sumers to a longer and more intense cooling
season in the future has been addressed in only
a handful of studies (e.g., Sailor and Pavlova,

2003) and must be considered highly uncertain.
There is even less information available on the-
off-setting effects of adaptations such as im-

U
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proved energy efficiency or changes in urban
form that might reduce exacerbating factors
such as urban heat island effects.

Box 2.1 provides insight into the recent trends
in the intensity of energy consumption in resi-
dential and commercial buildings in the United
States. There are a number of underlying
trends, such as an ongoing population shift to
the South and West, increases in the floor space
per building occupant in both the residential and
commercial sectors, and improvements in build-
ing shell performance, the balance of which
have led to overall reductions in the intensity in
the use of fuels for heating. Climate warming
could be expected to reinforce this trend. At the

same time, the demographic shifts to the South
and West, increases in floor space per capita,
and electrification of the residential and com-
mercial sectors all have increased the use of
electricity, especially for space cooling. This
trend also would be reinforced by climate

warming.

Amato et al., (2005) observe that many studies

worldwide have analyzed the climate sensitiv-
ity of energy use in residential, commercial, and
industrial buildings and have used these esti-
mated relationships to explain energy con-
sumption and to assist energy suppliers with
short-term planning (Quayle and Diaz, 1979; Le
Comte and Warren, 1981; Warren and LeDuc,
1981; Downton et al., 1988; Badri, 1992;

Lehman, 1994; Lam, 1998; Yan, 1998; Morris,
1999; Considine, 2000; Pardo, et al., 2002).
The number of studies in the U.S. analyzing the
effects of climate change on energy demand,
however, is much more limited. One of the very
early national-level studies was of the electric-
ity sector, projecting that between 2010 and
2055 climate change could increase capacity
addition requirements by 14-23% relative to
nonclimate change scenarios, requiring invest-
ments of $200-300 billion ($1990) (Linder and
Inglis, 1989). The Linder-Inglis results are sim-
ilar to electricity findings in most of the studies
that followed. Subsequently, a number of stud-
ies have attempted an "all fuels" approach and
have focused on whether net national energy de-
mand (decreases in heating balanced against in-
creases in cooling) would increase or decrease
in residential and commercial buildings as a re-
sult of climate change (e.g., Loveland and

Brown, 1990; Rosenthal et al., 1995; Belzer et

al., 1996; Hadley et al., 2004, 2006; Mansur et
al., 2005; Scott et al., 2005; Huang, 2006). The
picture here is more clouded. While the direc-
tion of regional projections in these studies are
reasonably similar, the net impacts at the na-
tional level differ among studies and depend on
the relative balance of several effects, including
scenarios used, assumptions about demographic
trends and building stock, market penetration of
equipment (especially air conditioning), and
consumer behavior.

In the sections that follow, this chapter discusses
the impacts of climate warming on space heat-
ing in buildings (divided between residential

and commercial), space cooling (again divided
between residential and commercial buildings),
net energy demand, market penetration of air
conditioning, and possible effects of adaptation
actions such as increased energy efficiency and
changes to urban form, which could reduce the
impacts of some compounding effects such as
urban heat islands.

2.3 EFFECTS OF CLIMATE
WARMING ON ENERGY USE FOR
SPACE HEATING

2.3.1 Residential Space Heating

Temperature increases resulting from global
warming are almost certain to reduce the

amount of energy needed for space heating in
residential buildings in the United States. The
amount of the reduction projected by a number
of U.S. studies has varied, depending mainly on
the amount of temperature change in the climate

scenario, the calculated sensitivity of the building
stock to warming, and the adjustments allowed
in the building stock over time (Table 2.3).

In most areas where it is available, the fuel of
choice for residential and commercial space
heating is natural gas, which is burned directly
in a furnace in the building in question. There
are some exceptions. In the Northeast, some of
these savings will be in fuel oil, since fuel oil
still provides about 36 % of residential space
heating in that region, according to the 2001
RECS. In some other parts of the country with
relatively short, mild winters or relatively inex-
pensive electricity or both, electricity has a sig-

0

12



Effects of Climate Change on Energy Production and Use in the United States

Table 2.3. Effects of
Climate Change on
Residential Space
Heating in U.S.
Energy Studies

nificant share of the space heating market. For
example, electricity accounted for 15% of resi-

dential heating energy in the Pacific Census Di-
vision and 19% in the South Atlantic Census

Division in 2001 (EIA, 2001).

In Mansur et al., the impact of climate change
on the consumption of energy in residential

heating is relatively modest. When natural gas
is available, the marginal impact of a I °C in-
crease in January temperatures in their model is
predicted to reduce residential electricity con-
sumption by 2.8% for electricity-only con-
sumers and 2% for natural gas customers.

Scott et al., (2005), working directly with resi-
dential end uses in a building energy simulation
model, projected about a 4% to 20% reduction
in the demand for residential space heating en-

ergy by 2020, given no change in the housing
stock and with winter temperature increases
ranging from 0.40 to 3.20 C, or roughly 6% to
10% decrease in space heating per degree C in-

crease. This is roughly twice the model sensi-

tivity of Mansur et al., 2005. The Scott et al.
analysis utilized the projected seasonal ranges
of temperatures in Table 2.1 (Ruosteenoja et al.,
2003). Huang, 2006 also found decreases in av-
erage energy use for space heating. While these
varied considerably by location and building
vintage as well, the overall average was about a
12% average site energy reduction for space

heating in 2020, or 9.2% per I°C.

Regional level studies show similar effects, with
a sensitivity of about 6% to 10% per I 'C in tem-
perature change among the studies using build-
ing models and only about 1% per degree I 'C
in studies using econometrics, in part possibly
due to reactive increases in energy consumption
(energy consumption "take-backs") as heating
energy costs decline with warmer weather in
this type of model, but also due to choice of re-
gion. In two studies with many of the same re-
searchers and using very similar methodologies,

Amato et al., 2005 projected about a 7% to 33%
decline in space heating in the 2020s in Massa-
chusetts, which has a long heating season, while
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Table 2.4. Effects of
Climate Change on
Commercial Space
Heating in U.S.
Energy Studies

Ruth and Lin, 2006 projected only a 20/o-3% de-
cline space heating energy during the same time
frame in Maryland, which has a much milder
heating season and many days where warmer
weather would have no impact on heating de-
gree-days or heating demand.

2.3.2 Commercial Space Heating

Although historically the intensity of energy
consumption in the commercial sector has not
followed a declining trend in the residential sec-
tor (Box 2.1), the effects of climate warming on

space heating in the commercial sector (Table
2.4) are projected in most studies to be similar
to those in the residential sector.

Belzer et al., (1996) used the detailed CBECS
data set on U.S. commercial buildings, and cal-
culated the effect of building characteristics and

temperature on energy consumption in all U.S.
commercial buildings. With building equip-
ment and shell efficiencies frozen at 1990 base-
line levels and a 3.9'C temperature change, the
Belzer model predicted a decrease in annual
space heating energy requirements of 29% to
35%, or about 7.4% to 9.0% per IPC. Mansur
et al. 2005 projected that a IC increase in Jan-
uary temperatures would produce a reduction in
electricity consumption of about 3% for elec-
tricity for all-electric customers. The warmer
temperatures also would reduce natural gas con-
sumption by 3% and fuel oil demand by a size-
able 12% per I 0C. This larger impact on fuel
oil consumption likely occurs because warming
has its largest impacts on heating degree days
in the Northeast and in some other northern tier
states where fuel oil is most prevalent. Another
factor may be the fact that commercial build-
ings that use fuel oil may be older vintage build-
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Table 2.5. Effects of
Climate Change on
Residential Cooling
Space in U.S. Energy
Studies

tE

ings whose energy consumption is more sensi-
tive to outdoor temperatures. Similar to its res-
idential findings, Huang, 2006 showed that the
impact of climate change on commercial build-
ing energy use varies greatly depending on cli-
mate and building type. For the entire U.S.
commercial sector, the simulations showed 12%
decrease in energy use for space heating or
9.2% per 1 C.

Again, the regional level studies produce more
dramatic decreases in energy demand in colder
regions than in warmer ones; however, the dif-
ferences are less between cold regions and
warm regions than in residential buildings be-
cause commercial buildings are more domi-
nated by internal loads such as lighting and
equipment than are residential buildings.

2.4 EFFECTS OF CLIMATE
WARMING ON ENERGY USE FOR
SPACE COOLING

2.4.1 Residential Space Cooling

According to all studies surveyed for this chap-
ter, climate warming is expected to significantly
increase the energy demand in all regions for
space cooling, which is provided almost entirely
by electricity. The effect in most studies is non-
linear with respect to temperature and humid-
ity, such that the percentage impact increases
more than proportionately with increases in
temperature (Sailor, 2001). Some researchers
have projected that increases in cooling eventu-
ally could dominate decreases in heating as tem-
peratures continue to rise (Rosenthal et al.,
1995), although that effect is not necessarily ob-
served in empirical studies for the temperature
increases projected in the United States during
the 21st century (Table 2.5).
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Electricity demand for cooling was projected to
increase by roughly 5% to 20% per IVC for the
temperature increases in the national studies

surveyed. This can differ by location and cus-
tomer class. For example, Mansur et al., 2005

projected that when July temperatures were in-
creased by P0C, electricity-only customers in-

creased their electricity consumption by 4%,
natural gas customers increased their demand

for electricity by 6%, and fuel oil customers
bought 15% more electricity. The impact on all
electricity consumption is somewhat lower be-
cause electricity also is used for a variety of
non-climate-sensitive loads in all regions and
for space heating and water heating in some re-
gions. Looking specifically at residential sector

cooling demand (rather than all electricity) with
a projected 2020 building stock, Scott et al.
2005 projected nationally that an increase of

0.40 to 3.2'C summer temperatures (Table 2.5)
results in a corresponding 8% to 39% increase
in national annual cooling energy consumption,

or roughly a 12% to 20% increase per IPC.
Huang's (2006) projections show an even
stronger increase of about a 38% increase in
2020 for a I.7°C increase in temperature, or

22.4% per 1PC, perhaps in part because of dif-
ferences in the in the details of locations and

types of new buildings in particular, which tend
to have more cooling load and less heating load.

Among the state studies, Loveland and Brown,
1990 found very high residential cooling sensi-
tivities in a number of different locations across
the country. Cooling energy consumption in-

creased by 55.7% (Fort Worth, from a relatively
high base) up to 146% (Seattle, from a very low

base) for a temperature increase of 3.7°C to

4.7°C. This implies about a 17% to 31% in-
crease in cooling energy consumption per de-
gree C. Using a similar model in the special

case of California, where space heating is al-
ready dominated by space cooling, Mendel-
sohn, 2003 projected that total energy
expenditures for electricity used for space cool-
ing would increase nonlinearly and that net
overall energy expenditures would increase with
warming in the range of 1.5°C, more for higher

temperatures. In such mild cooling climates,
relatively small increases in temperature can
have a large impact on air-conditioning energy

use by reducing the potentials for natural venti-
lation or night cooling. The residential elec-

tricity results in Sailor, 2001, Sailor and
Pavlova, 2003; for several locations, and Amato
et al., 2005 for Massachusetts are consistent
with the national studies, with the expected di-
rection of climate effects and about the expected
magnitude, but the Ruth et al., 2006 results for
the more southerly state of Maryland turn out

to be very sensitive to electricity prices, rang-

ing from +2.5% at high prices (about 8 cents per
kWh, 1990$) prices to +24% if prices were low

(about 6 cents per kWh, 1990$).

2.4.2 Commercial Space Cooling

U.S. studies also have projected a significant in-

crease in energy demanded for space cooling in
commercial buildings as a result of climate
warming, as summarized in Table 2.6.

Commercial sector studies show that the per-

centage increases in space cooling energy con-
sumption tend to be less sensitive to
temperature than are the corresponding energy

increases in the residential sector for the same
temperature increase. For example, Rosenthal
et al. 1995 found residential cooling increased
20% but commercial sector cooling only 15%

for a I 'C temperature increase. The increase in
Scott et al. 2005 had a range of 9.4% to 15%

per IPC for commercial and 12% to 20% per
I 'C for residential customers. As with heating,
in both cases this is likely to be in part because

of the relatively greater sensitivity of space con-
ditioning to internal loads in commercial build-
ings. Mansur et al., 2005 econometric results
were less clear in this regard, possibly because

geographic and behavioral differences among
customer classes tend to obscure the overall ef-

fects of the buildings themselves. With building
equipment and shell efficiencies frozen at 1990

baseline levels, Belzer et al., 1996 found im-
pacts in the same range as the other studies. A
3.9°C temperature change increased annual

space cooling energy requirements by 53.9% or
about 9.0% to 13.8% per l°C. Huang, 2006
also showed strong increases in cooling energy
consumption at the national level. In 2020, his

average increase was 17% for a 1.7°C tempera-
ture increase, or +10% per l°C.

State-level studies generally show impacts that

are in the same range as their national counter-
parts. Analyses performed with building energy
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Table 2.6. Effects of
Climate Change on
Commercial Space
Cooling in U.S.
Energy Studies
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models generally indicate a 10% to 15% electric

energy increase for cooling per I°C. The
econometric studies also show increases, but
because the numerator is generally the change
in consumption of all electricity (including
lighting and plug loads, for example) rather than
just that used for space cooling, the percentage

increases are much smaller.

2.4.3 Other Considerations: Market
Penetration of Air Conditioning and
Heat Pumps (All-Electric Heating

and Cooling), and Changes in
Humidity

Although effects of air conditioning market
penetration were not explicitly identified, the

late-1990s econometrically based cross-sec-
tional studies of Mendelsohn and colleagues

might be interpreted as accounting for increased
long run market saturations of air conditioning

because warmer locations in the cross-sectional
studies have higher market saturations of air
conditioning as well as higher usage rates.
However, more recent studies have examined
the effects directly. In one example, Sailor and
Pavlova, 2003 have projected that potential in-
creases in market penetration of air conditioning
in the residential sector in response to warming
might have an effect on electricity consumption

larger than the warming itself. They projected
that although the temperature-induced increases
in market penetration of air conditioning had lit-

tle or no effect on residential energy consump-
tion in cities such as Houston (93.6% market

saturation), in cooler cities such as Buffalo
(25.1% market saturation) and San Francisco
(20.9% market saturation), the extra market
penetration of air conditioning induced by a
20% increase in CDD more than doubled the
energy use due to temperature alone. Using
cross-sectional data and econometric techniques
Mendelsohn, 2003 and Mansur et al., 2005 also
have estimated the effects of the market pene-

tration of space cooling into the energy market.
Mansur et al. found that warmer winter temper-

atures were associated with higher likelihood of
all-electric space conditioning systems in the
sample survey of buildings in EIA's RECS and
CBECS datasets. In warmer regions they noted
that electricity has a high marginal cost but a
low fixed cost, making it desirable in moderate
winters. Electric heating is currently more

prevalent in the South than in the North (EIA,
2001a). In general, however, the effects of

adaptive market response of air conditioning to

climate change have not been studied thor-

oughly in the United States.

High atmospheric humidity is known to have an
adverse effect on the efficiency of cooling sys-
tems in buildings in the context of climate
change because of the energy penalty associated
with condensing water. This was demonstrated
for a small commercial building modeled with
the DOE-2 building energy simulation model in
Scott et al., (1994), where the impact of an iden-
tical temperature increase created a much
greater energy challenge for two relatively
humid locations (Minneapolis and Shreveport),
compared with two drier locations (Seattle and
Phoenix). A humidity effect does not always
show up in empirical studies (Belzer et al.,
1996), but Mansur et al., 2005 modeled the ef-
fect of high humidity by introducing a rainfall

as a proxy variable for humidity into their cross-
sectional equations. In their residential sector,
a one-inch increase in monthly precipitation re-
sulted in more consumption by natural gas users
of both electricity (7%) and of natural gas (2%).
In their commercial sector, a one-inch increase
in July precipitation resulted in more consump-
tion of natural gas (6%) and of fuel oil (40%).

2.5 OVERALL EFFECTS OF

CLIMATE CHANGE ON ENERGY
USE IN BUILDINGS

2.5.1 Annual Energy Consumption

Many of the U.S. studies of the impact of cli-
mate change on energy use in buildings deal

with both heating and cooling and attempt to
come to a "bottom line" net result for either
total energy site consumed or total primary en-
ergy consumed (that is, both the amount of nat-
ural gas and fuel oil consumed directly in
buildings and the amount of natural gas, fuel oil,
and coal consumed indirectly to produce the
electricity consumed in buildings.) Some stud-
ies only deal with total energy consumption or
total electricity consumption and do not de-
compose end uses as has been done in this chap-
ter. Recent studies show similar net effects.

Both net delivered energy and net primary en-
ergy consumption increase or decrease only a
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Table 2.7. Climate
Change Effects in
Combined
Residential-
Commercial Studies
and Combined
Results from Sector
Studies

U
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few percent; however, there is a robust result
that, in the absence of an energy efficiency pol-
icy directed at space cooling, climate change

would cause a significant increase in the de-
mand for electricity in the United States, which
would require the building of additional elec-
tricity generation (and probably transmission fa-

cilities) worth many billions of dollars.

In much of the United States, annual energy
used for space heating is far greater than space
cooling; so net use of delivered energy would
be reduced by global warming. Table 2.7 sum-
marizes the results from a number of U.S. stud-
ies of the effects of climate change on net
energy demand in U.S. residential and commer-
cial buildings. The studies shown in Table 2.7
do not entirely agree with each other because of
differences in methods, time frame, scenario,
and geography. However, they are all broadly
consistent with a finding that, at the national
level, expected temperature increases through
the first third of 21 st Century (Table 2. 1) would
not significantly increase or decrease net energy

use in buildings. The Linder and Inglis, 1989
projections concerning increases in electricity

consumption have been generally confirmed by
later studies, but there are geographical differ-

ences. For example, Sailor's state level econo-
metric analyses (Sailor and Mufioz, 1997,
Sailor, 2001, Sailor and Pavlova, 2003) pro-
jected a range of effects. A temperature in-

crease of 2'C would be associated with an
11.6% increase in residential per capita elec-
tricity used in Florida (a summer-peaking state

dominated by air conditioning demand), a 5%
increase per l 0C warming. On the other hand,
a 7.2% decrease in Washington state (which
uses electricity extensively for heating and is a
winter-peaking system), had about a 3% de-

crease per 1°C warming.

The Rosenthal et al., 1995 projections of re-
duced net total delivered energy consumption
and energy expenditure reductions have not
been confirmed. Results of more recent studies
follow a temperature increase of 2°C that would
be associated with an 11.6% increase in resi-

dential per capita electricity used in Florida (a
summer-peaking state dominated by air condi-
tioning demand) and a 5% increase per I°C
warming. On the other hand, a 7.2% decrease in
Washington state (which uses electricity exten-

sively for heating and is a winter-peaking sys-
tem), had about a 3% decrease per lVC warming.

Scott et al., 2005 projected that overall site en-
ergy consumption in U.S. residential and com-
mercial buildings is likely to decrease by about
2% to 7% in 2020 (0.4°C to 3.2°C warming).
This amounts to about 2% per IVC warming,
which is in the same direction of the Rosenthal
et al. results, but smaller. This effect takes into
account expected changes in the building stock,
but not increased market penetration of air con-
ditioning that specifically results from climate

change. For a I 'C increase in year-round tem-
peratures, Mansur et al., 2005 provide only pro-
jections of net energy expenditures--a 2%
increase in total residential energy expenditures
-- and no net change in commercial energy de-
mand for the year 2060. In residences, elec-
tricity expenditures (presumably mainly for
cooling) generally increase, while use of other

fuels generally decreases. Projected commer-
cial sector expenditures show increases in elec-
tricity expenditures that are almost exactly

offset by declines in the expenditures for natu-
ral gas and fuel oil. Since the Mansur et al.

analysis claims to estimate long-term climate
elasticities that include fuel choices and com-
fort choices as well as the direct effect of
warmer temperatures on building energy loads,
its results likely reflect at least some of the in-
creased adoption of air conditioning that would

be expected in residences in currently cooler cli-
mates as temperatures increase; residential sec-
tor electricity use is projected to grow faster
than electricity use in the commercial sector,

where air conditioning is more common and in-
ternal loads such as lighting dominate electric-
ity use. Hadley et al., 2004, 2006 also project
cooling energy consumption increasing and
heating energy consumption decreasing. The
projected national net effect on delivered energy
consumption is slightly negative; but the impact
on primary energy consumption is a slight in-
crease. For all three studies, the impact of I 'C
to 2°C warming is small. At the individual city

level, Loveland and Brown, 1990 projected
lower residential energy load in northern cities
such as Chicago, Minneapolis, and Seattle and
increased energy loads in southern cities such
as Charleston, Ft. Worth, and Knoxville. A gen-
eral office building increase showed increased
overall energy loads in all six cities.
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Most recently, Huang, 2006 used results from
the HADCM3 GCM that project the changes in
temperature, daily temperature range, cloud

cover, and relative humidity by month for 0.5'
grids of the earth's surface to produce future
weather files for 18 U.S .locations. under 4
IPCC climate change scenarios (AIFI, A2M,

B 1, and B2M) for three time periods (2020,
2050, and 2080). These weather files were then

used with the DOE-2 building energy simula-
tion program to calculate the changes in space
conditioning energy use for a large set of proto-

typical residential and commercial buildings to
represent the U.S. building stock. This study

looked in detail at the technical impact of cli-

mate change on space conditioning energy use,
but did not address socio-economic factors or
adaptive strategies to climate change.

These simulations indicate that the overall im-
pact of climate change by 2020 on the U.S.
building stock would be a 7% reduction in site
energy use, corresponding to a 1% reduction in
primary energy, when the generation and trans-
mission losses for electricity are taken into ac-

count. The savings were noticeably larger for
residential buildings (9% reduction in site and
2% reduction in primary energy use) than for
commercial buildings (7% reduction in site, but
a 3% increase in primary energy use). The

counterbalancing effect of heating savings in the

north, however, tends to mask the appreciable
impact that climate change can have on cool-
ing-dominant locations in the south. For exam-
ple, cooling energy use in single-family houses

in Miami and New Orleans was expected to in-

crease by about 20%. In the North or West, the
percentage increase of cooling was actually
much larger, but due to the short cooling sea-

son, the savings were more than offset by the re-
ductions in heating energy use. For example,

cooling energy use was expected to rise by
100% in San Francisco, 60% in Boston and

Chicago, and 50% in New York and Denver.

Because of their larger internal heat gains and
less exposure to the outdoors in commercial

buildings, these simulations project that com-
mercial buildings would require less heating
and more cooling than residential houses. Con-

sequently, some building types such as large ho-
tels and supermarkets showed an increase in site

energy use with climate change, and almost all

showed increases in primary energy use. In Los
Angeles and Houston, commercial building en-

ergy use would increase by 2% and 4% in site
energy use, and by 15% and 25% in primary en-

ergy use.

Huang, 2006 also looked at the impact of cli-

mate change out to 2050 and 2080, where there

are cumulative effects of further temperature in-
creases coupled with newer, tighter buildings
that require much less heating and proportion-
ally more cooling than older existing buildings.
By 2050, heating loads were expected to be re-

duced by 28%, and cooling loads increased by

85% due to climate change, averaged across all
building types and climates. By 2080, heating
loads were expected to be reduced by nearly
half (45%), but cooling loads were expected to

more than double (165%) due to climate

change, averaged across all building types and

climates. With falling energy use for heating
and rising energy use for cooling, by 2080 the

ratio of cooling to heating energy use would be

60% in site energy and close to 180% in pri-
mary energy.

There are also a number of specific regional-
level studies with similar outcomes. For Mas-
sachusetts in 2020, Amato et al., 2005 projected

a 6.6% decline in annual heating fuel consump-
tion (8.7% decrease in heating degree days-

overall temperature change not given) and a
1.9% increase in summer electricity consump-
tion (12% increase in annual cooling degree-
days). Amato et a]. noted that per capita

residential and commercial energy demands in

Massachusetts are sensitive to temperature and
that a range of climate warming scenarios may
noticeably decrease winter heating fuel and

electricity demands and increase summer elec-
tricity demands. For 2030, the estimated resi-

dential summer monthly electricity demand
projected increases averaged about 20% to

40%. Wintertime monthly natural gas demand
declined by 10% to 20%. Fuel oil demand was

down about 15% to 30%. For the commercial
sector, electricity consumption rose about 6%

to 10%. Winter natural gas demand declined by
6% to 14%.

The Hadley et al., 2006 study used the DD-
NEMS energy model. Two advantages of this
approach are that it provides a direct compari-
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son at the regional level to official forecasts and
that it provides a fairly complete picture of en-
ergy supply, demand, and endogenous price re-
sponse in a market model. One disadvantage is
that the DD-NEMS model only projected to
2025 at the time of that study (now 2030),
which is only the earliest part of the period
where climate change is expected to substan-
tially affect energy demand. Hadley's regional
results were broadly similar to those in Scott et
aL., 2005. For example, they showed decreases
in energy demand for heating, more than off-
setting the increased demand for cooling in the
north (New England, Mid-Atlantic, West North
Central and especially East North Central Cen-
sus Division). In the rest of the country, the in-
crease in cooling was projected to dominate.
Nationally, the site energy savings were shown

to be greater than the site energy increases, but
because of energy losses in electricity genera-
tion, primary energy consumption (primary en-

ergy) increased by about 3% by 2025, driving
up the demand for coal and driving down the
demand for natural gas. Also, because electric-
ity costs more than natural gas per delivered

Btu, the increase in total energy cost per year
was found to be about $15 billion (2001 dollars).

2.5.2 Peak Electricity Consumption

Studies published to date project that tempera-
ture increases with global warming would in-
crease peak demand for electricity in most
regions of the country. The amount of the in-

crease in peak demand would vary with the re-
gion. Study findings vary with the region or
regions covered and the study methodology-
in particular, whether the study allows for
changes in the building stock and increased
market penetration of air conditioning in re-
sponse to warmer conditions. The Pacific
Northwest, which has significant market pene-
tration of electric space heat, relatively low mar-
ket penetration of air conditioning, and a
winter-peaking electric system, is likely to be
an exception to the general rule of increased
peak demand. The Pacific Northwest power
system annual and peak demand would likely

be lower as a result of climate warming (North-
west Power and Conservation Council, 2005).

Concern for peak electricity demand begins
with the earliest studies of the climate impacts

on building energy demand. Linder and Inglis,
1989, in their multiregional study of regional
electricity demand, found that although annual
electricity consumption increased from +3.4 to
+5.1%, peak electricity demand would increase

between 8.6% and 13.8% , and capacity re-
quirements between 13.1% and 19.7%, costing
tens of billions of dollars.

One of the other few early studies of the effects
of climate change on regional electricity was
conducted by Baxter and Calandri, 1992 . The
case of California has received particular atten-
tion (See Box 2.2). For instance, the study used
degree day changes from General Circulation
Model (GCM) projections for 2010 to adjust the
baseline heating and cooling energy uses in res-
idential and commercial models that were de-
rived from building energy simulations of
prototypical buildings. Two climate change sce-
narios were considered; a low temperature in-
crease scenario of 0.72°C in the winter, 0.60'C
in the spring and fall, and 0.480 C in the sum-
mer, and a high temperature increase scenario
of 2.281C in the winter, 1.900 C in the spring and
fall, and 1.58°C in the summer. Results were
presented for the five major utility districts, and
showed a 0.28% decrease in heating coupled
with a 0.55% increase in cooling energy use for
the low-temperature increase scenario, and a
0.85% decrease in heating coupled with a
2.54% increase in cooling energy use for the
high-temperature increase scenario. The state-
wide impacts on energy demand were a 0.34-
1.51% increase in cooling electricity demand
for the low- temperature increase scenario, and
a 2.57-2.99% increase in cooling electricity de-
mand for the high-temperature increase scenario.

The authors concluded that the impacts of cli-
mate change appear moderate on a percentage
basis, but because California's electricity sys-
tem is so large, a moderate percentage increase

results in sizeable absolute impacts. For energy
use, the 0.6% and 2.6% increases for the two
scenarios signify increases of 1741 GWh and
7516 GWh. For electricity demand, the 0.34-
1.51% and 2.57-2.99% increases correspond to

increased peak demand by 221-967 MW and
1648-1916 MW. To put these impacts in per-
spective, uncertainties in the state's economic
growth rate would have had comparable or
larger impacts on electricity demand over this
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20-year projected estimation. Actual growth in

noncoincident peak demand between 1990 and
2004 was actually 8,650 MW for total end use
load and 9,375 MW for gross generation (Cali-

fornia Energy Commission, 2006).

Much more recently, using IPCC scenarios of

climate change from the Hadley3, PCM, and
GFDL climate models downscaled for Califor-
nia, Franco and Sanstad 2006 found a high cor-
relation between the simple average daily
temperature and daily peak electricity demand
in the California Independent System Operator
region, which comprises most of California.
They evaluated three different periods: 2005-
2034, 2035-2064, and 2070-2099. In the first

period, depending on the scenario and model,
peak summer demand was projected to increase

relative to a 1961-1990 base period before cli-
mate change by 1.0%-4.8%; in the second,

2.2%-10.9%; in the third, 5.6%-19.5%.

A few U.S. regions could benefit from lower
winter demand for energy in Canada. An ex-

ample is in the New England-Middle Atlantic-
East North Central region of the country, where
Ontario and Quebec in particular are intertied
with the U.S. system, and where demand on ei-

ther side of the international border could in-

fluence the other side. For example, since much
of the space heating in Quebec is provided by
hydro-generated electricity, a decline in energy
demand in the province could free up a certain

amount of capacity for bordering U.S. regions
in the winter. In Quebec, the Ouranos organi-
zation (Ouranos, 2004) has projected that net

energy demand for heating and air conditioning
across all sectors could fall by 30 trillion Btus,

or 9.4 % of 2001 levels by 2100. Seasonality
of demand also would change markedly. Resi-
dential heating in Quebec would fall by 15%

and air conditioning (currently a small source
of demand) would increase nearly fourfold.
Commercial-institutional heating demand was

projected to fall by 13% and commercial air
conditioning demand to double. Peak (winter)
electricity demand in Quebec would decline.
Unfortunately, Qurbec's summer increase in air

conditioning demand would coincide with an
increase of about 7% to 17% in the New York

metropolitan region (Ouranos, 2004); so winter

savings might be only of limited assistance in
the summer cooling season, unless the water not

used for hydroelectric production in the winter

could be stored until summer and the transmis-
sion capacity existed to move the power south
(Qu6bec's hydroelectric generating capacity is

sized for the winter peak and should not be a
constraint).

Although they discuss the impacts of climate
change on peak electricity demand, Scott et al.,
2005 did not directly compute them. However,

they performed a sensitivity analysis using nu-
clear power's 90% average capacity factor for

2004 as an upper-thatbound estimate of base
load power plant availability and projected that

national climate sensitive demand consumption
(1.3 quads per year by 2080) would be equiva-
lent of roughly 48 GW, or 48 base load power
plants of 1,000 MW each. At the much lower
2003 average U.S. generation/capacity ratio of
47%, 93 GW of additional generation capacity
would be required. This component of demand
would be a factor in addition to any increases

due to additional climate-related market pene-
tration of air conditioning and any other causes

of increased demand for electricity that the na-
tional electrical system will be dealing with for
the rest of the century.

For further information about methods for esti-
mating energy consumption in buildings, see

Annex A.

2.6 ADAPTATION: INCREASED
EFFICIENCYAND URBAN FORM

Although improving building energy efficiency

should help the nation cope with impacts of cli-

mate change, there is relatively little specific in-
formation available on the potential impacts of
such improvements. Partly this is because it has

been thought that warming would already be re-
ducing energy consumption, so that the addi-
tional effects of energy efficiency have not been

of much interest. Scott et al., 1994 and Belzer
et al., 1996 concluded that in the commercial

sector, very advanced building designs could in-

crease the savings in heating energy due to cli-
mate warming alone. Loveland and Brown
1990, Scott et al. 1994, Belzer et al., 1996, and
Scott et al., 2005 all estimated the effects of en-

ergy-efficient buildings on energy consumption
in the context of climate change and also con-
cluded that much of the increase in cooling en-
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ergy consumption due to warming could be off-
set by increased energy efficiency.

Loveland and Brown, 1990 projected that
changes leading to -50% lighting, +50% insu-
lation, and +75% window shading would reduce
total energy use in residential buildings by
31.5% to 44.4% in the context of a 3.20 to 4°C
warming. This suggests that advanced building

designs are a promising approach to reducing
energy consumption impacts of warming, but fur-
ther verification and follow-up research is needed

both to confirm results and design strategies.

Scott et al., 1994 examined the impact of"ad-
vanced" building designs for a 48,000-square

foot office building in the context of climate
change in the DOE-2 building energy simula-
tion model. The building envelope was as-
sumed to reduce heat transfer by about 70%
compared to the ASHRAE 90.1 standard. It in-

cluded extra insulation in the walls and ceiling,
reduction in window conductivity by a factor of
6, and window shading devices. The result was
that, assuming a 3.9°C increase in annual aver-
age temperature, rather than experiencing be-
tween an 8% reduction in energy use
(Minneapolis) and a 6.3% increase in overall
energy use (Phoenix), an advanced design

building would show a 57.2% to 59.8% de-
crease in energy used. In addition, the cooling
energy impact was reversed in sign-a 47% to
60% decrease instead of a 35% to 93% increase.
Cost, however, was not analyzed (also see SAP 4.6).

Belzer et al., 1996 projected that with a 3.9°C
increase in annual average temperature, the use

of advanced buildings would increase the over-
all energy savings in EIA's year 2030 projected
commercial building stock from 0.47 quads
(20.4%) to 0.63 quads (27%). Use of advanced
building designs in the 2030 commercial build-
ing stock would increase the overall energy sav-
ings by 1.15 quads (40.6%) relative to a 2030
building stock frozen at 1990 efficiency. The

cooling component of building energy con-
sumption was only reduced rather than reversed

by advanced designs in this study.

Finally, Scott et al., 2005 explicitly considered
the savings that might be achieved under the
Department of Energy's energy efficiency pro-

grams as projected in August 2004 for the EIA

building stock in the year 2020 (temperature

changes of about 0.4°C at the low end to about
2.8°C at the high end). This is the only study to
have estimated the national effects of actual en-
ergy efficiency programs in the context of
global warming. (The analysis did not count
any potential increase in energy demand due to
additional climate change-induced market pen-
etration of air conditioning). The efficiency
programs, which mainly targeted heating, light-
ing, and appliances instead of cooling, were less
effective if the climate did not change; however,
buildings still saved between 2.0 and 2.2 quads.
This was a savings of about 4.5%, which would
more than offset the growth in temperature-sen-
sitive energy consumption due to increases in
cooling and growth in building stock between
2005 and 2020.

Except for Scott et al., 2005, even where stud-
ies consider adaptive response (e.g., Loveland
and Brown, 1990; Belzer, et al. 1996; Mendel-
sohn, 2001), they generally do not involve par-
ticular combinations of technologies to offset
the effects of future climate warming. Region-
ally, Franco and Sanstad, 2006 did note that the
very aggressive energy efficiency and demand
response targets for California's investor-owned

utilities such as those recently enacted by the
California Public Utilities Commission could,
if extended beyond the current 2013 horizon --
provide substantial "cushioning" of the electric

power system against the effects of higher tem-
peratures.

2.7 OTHER POSSIBLE EFFECTS,
INCLUDING ENERGY USE IN
KEY SECTORS

2.7.1 Industry

Except for energy used to heat and cool build-
ings, which is thought to be about 6% of energy
use in industry (EIA, 2001b) and is generally
not analyzed for manufacturing activities in ex-
isting studies, it is not thought that industrial en-

ergy demand is particularly sensitive to climate
change. For example, Amato et al. 2005 stated
that "industrial energy demand is not estimated
since previous investigations (Elkhafif, 1996;
Sailor and Munoz, 1997) and our own findings
indicate that it is non-temperature-sensitive."
Ruth and Lin, 2006 observe that in contrast to
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residential households, which use about 58% of
their energy for space conditioning, and com-

mercial buildings, which use about 40%, indus-
trial facilities devote only about 6% of their

energy use to space conditioning. In absolute
numbers, this is about a third of what the com-

mercial sector uses and about 8% of what the
residential sector uses for this purpose. Ac-
cording to the 2002 Manufacturing Energy
Consumption Survey, among the energy uses
that could be climate sensitive, U.S. manufac-
turing uses about 4% of all energy for directly
space conditioning, 22% for process heating,

and 1.5% for process cooling (EIA, 2002a).

This does not mean, of course, that industry is
not sensitive to climate, or even that energy
availability as influenced by climate or weather

does not affect industry. Much of the energy
used in industry is used for water heating; so en-
ergy use would likely decline in industry if cli-
mate and water temperatures become warmer.

Electrical outages (some caused by extreme
weather) cause many billions in business inter-
ruptions every year, and large events that inter-
rupt energy supplies are also nationally
important (see Chapter 3). However, little in-

formation exists on the impact of climate
change on energy use in industry. Considine,
2000 econometrically investigated industrial en-
ergy use data from the EIA Short Term Energy
Forecasting System based on HDD and CDD
and calculated that U.S. energy consumption per

unit of industrial production would increase for
an increase 0.0127% per increase in one heating
degree day (Fahrenheit) or by 0.0032% per in-
crease of one cooling degree day (Fahrenheit).
On an annual basis with a I 'C temperature in-
crease (1.8°F), there would be a maximum of
657 fewer HDD per year and 657 more CDD
(Fahrenheit basis, and assuming that all indus-
try was located in climates that experienced all

of the potential HDD decrease and CDD in-
crease). This would translate into 6.2% less net
energy demand in industry or a saving of
roughly 0.04 quads.

A few studies have focused on a handful of ex-
ceptions where it was assumed that energy con-

sumption would be sensitive to warmer temper-
atures, such as agricultural crop drying and ir-
rigation pumping (e.g., Darmstadter, 1993;
Scott et al., 1993). While it seems logical that
warmer weather or extended warm seasons

should result in warmer water inlet temperatures

for industrial processes and higher rates of evap-
oration, possibly requiring additional industrial
water diversions, as well as additional municipal
uses for lawns and gardens, the literature review
conducted for this chapter did not locate any lit-
erature either laying out that logic or calculat-
ing any associated increases in energy
consumption for water pumping. Industrial

pumping increases are likely to be small rela-
tive to those in agriculture, which consumes the
lion's share (40%) of all fresh water withdrawals

in the United States (USGS, 2004). Some ob-
servations on energy use in other climate-sen-
sitive economic sectors follow.

2.7.2 Transportation

Running the air conditioning in a car reduces its
fuel efficiency by approximately 12% at high-

way speeds (Parker, 2005). A more extended
hot season likely would increase the use of au-
tomotive air conditioning units, but by how

much and with what consequences for fuel

economy is not known. Based on preliminary
unpublished data, virtually all new light duty
vehicles sold (well over 99% in 2005) in the
United Sates come with factory-installed air

conditioning (up from about 90% in the mid-
1990s)' , but no statistics appear to be available
from public sources on the overall numbers or
percentage of vehicles in the fleet without air
conditioning. No projections appear to be avail-
able on the total impact of climate change on

energy consumption in automotive air condi-
tioners; however, there are some estimates of the

response of vehicle air conditioning use to tem-

perature. Based on a modeling of consumer

comfort, Johnson (2002) estimates that at am-
bient temperatures above 30'C (86'F), drivers

would have their air conditioning on 100% of
the time; at 21°C-30 0 C (70'F-860 F), 80%; at

13°C-20oC (55 0F-70'F), 45%; and at 60C- I 2'C
(43°F-550 F), 20% of the time.2 Data from the

1 Data supplied by Robert Boundy, Oak Ridge National Laboratory, based on Ward's Automotive Yearbooks.

2 Data supplied by Lawrence Chaney, National Renewable Energy Laboratory
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Environmental Protection Agency's model of
vehicular air conditioning operation suggests
that U.S. drivers on average currently have their
air conditioning systems turned on 23.9% of the
time. With an increase in ambient air tempera-

ture of I 'C (1.87F), the model estimates that
drivers would have their air conditioning sys-
tems turned on 26.9% of the time, an increase of
3.0% of the time.'

Much of the food consumed in the United States
moves by refrigerated truck or rail. One of the
most common methods is via a refrigerated
truck-trailer combination. As of the year 2000,
there were approximately 225,000 refrigerated
trailers registered in the United States, and their
Trailer Refrigeration Units (TRUs) used on av-
erage 0.7 to 0.9 gallons of fuel per hour to main-
tain 0WE On a typical use cycle of 7200 hours

per year (6 days per week, 50 weeks per year),
the typical TRU would use 5,000 to 6,000 gal-
lons of diesel per year (Shurepower, LLC,
2005), or between 26 and 32 million barrels for
the national fleet. Even though diesel electric

hybrid and other methods are making market in-
roads and over time could replace a substantial
amount of this diesel use with electricity from
the grid when the units are parked, climate
warming would add to the energy use in these
systems. No data appear to be available on the
total impact of climate change on energy con-
sumption in transportation, however (also see

SAP 4.7).

2.7.3 Construction

Warming the climate should result in more days
when outdoor construction activities are possi-
ble. In many parts of the northern states, the
construction industry takes advantage of the
best construction weather to conduct activities
such as some excavation, pouring concrete,
framing buildings, roofing, and painting, while
sometimes enclosing buildings, partially heat-
ing them with portable space heaters, and con-
ducting inside finishing work during "bad"
weather. While the construction season may
lengthen in the North, there also may be an in-

creasing number of high-temperature heat stress

days during which outdoor work may be hin-
dered. The net effects on energy consumption
on construction are not clear. The literature sur-
vey conducted for this chapter was not able to

locate any studies in the United States that have
investigated either the lengthening of the con-

struction season in response to global warming
or any resulting impacts on energy consumption.

2.7.4 Agriculture

Agricultural energy use generally falls into five
main categories: equipment operations, irriga-
tion pumping, embodied energy in fertilizers
and chemicals, product transport, and drying
and processing. A warmer climate implies in-
creases in the demand for water in irrigated
agriculture and use of energy (either natural gas
or electricity) for pumping. Though not a factor
in many parts of the country, irrigation energy is
a significant source of energy demand west of
the 100t' meridian, especially in the Pacific
Southwest and Pacific Northwest. For example,
irrigation load in one early climate change im-
pact assessment increased from about 8.7% to
about 9.8% of all Pacific Northwest electricity
load in July (Scott et al., 1993), even with no
change in acreage irrigated.

In some parts of the country, the current practice
is to keep livestock and poultry inside for parts
of the year, either because it is too cold or too
hot outside. Often these facilities are space-con-
ditioned. In Georgia, for example, there are
11,000 poultry houses, and many of the exist-
ing houses are air-conditioned due to the hot
summer climate (and all new ones are) (Uni-
versity of Georgia and Fort Valley State Uni-
versity, 2005). Poultry producers throughout the
South also depend on natural gas and propane
as sources of heat to keep their birds warm dur-
ing the winter (Subcommittee on Conservation,
Credit, Rural Development, and Research,
2001). The demand for cooling livestock and
poultry would be expected to increase in a
warmer climate, while that for heating of cattle

barns and chicken houses likely would fall.

P'p

3 Data supplied by Richard Rykowski, Assessment Standards and Support Division, Environmental Protection Agency.
The model used in this analysis is described in Chapter III of the Draft Technical Support Document to the proposed
EPA rulemaking to devise EPA's methodology for calculating the city and highway fuel economy values pasted on
new vehicles.
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There are no available quantitative estimates of
the effects on energy demand.

Food processing needs extensive refrigerated
storage, which may take more energy in a
warmer climate. However, there seem to be no

U.S. studies on this subject.

2.8 SUMMARY OF KNOWLEDGE
ABOUT POSSIBLE EFFECTS

Generally speaking, the net effects of climate
change in the United States on total energy de-
mand are projected to be modest, amounting to

between perhaps a 5% increase and decrease in
demand per PC in warming in buildings, about
1.1 Quads in 2020 based on EIA 2006 projec-
tions (EIA, 2006). Existing studies do not agree

on whether there would be a net increase or de-
crease in energy consumption with changed cli-
mate because a variety of methodologies have

been used. There are differences in climate sen-
sitivities among models and studies as well as
differences in methodological emphasis. For ex-
ample, econometric models have incorporated
some market response to warming and fuel
costs but not necessarily differences in building

size and technology over time and space, while
the opposite is true of building simulation ap-
proaches. There are also differences in climate
and market scenarios. It appears likely that

some of the largest effects of climate change on
energy demand are in residential and commer-
cial buildings, however, with other sensitivities
in other sectors being of secondary or tertiary

importance.

Another robust finding is that most regions of
the country can be expected to see significant

increases in the demand for electricity, due both
to increases in the use of existing space-cooling

equipment and also to likely increases in the
market penetration of air conditioning in re-
sponse to longer and hotter summers. This is
likely in Northern regions where market pene-
tration of air conditioning is still relatively low.

To some extent, it is possible to control for dif-
ferences in climate scenarios by comparing per-
centage changes in energy use per a standardized

amount of temperature change, as has been
done in this chapter. It is also possible to search
for a set of robust results and to compare im-
pacts, for example, that come from models that
have fixed technologies and no market re-
sponses with those that allow technology to

evolve and businesses and individuals to re-
spond to higher or lower energy bills.

Some of the apparently conflicting results are
more likely to be correct than others. Because of

compensating market and technological re-
sponses, impacts of climate change should be
less with models that allow technology to evolve
and businesses and individuals to respond to
higher or lower energy bills. Because they also
assess more realistically the factors actually
likely to be in play, they are likelier to be closer
to correct. None of the models actually does all
of this, but Mansur et al., 2005 probably comes
the closest on the market side and Scott et al.,
2005 or Huang, 2006 on the technology side.
Using the results from these two approaches, to-

gether with Sailor and Pavlova, 2003 to inform
and modify the Hadley et al., 2006 special ver-
sion of NEMS, probably has the best chance of
being correct for buildings.
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